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Abstract 
This study defines a number of fundamental principles of zircon equilibria in 
metamorphic rocks u ing a combination of traditional metamorphic petrology. trace element 
geochemistry. experimental petrology. thermobarometry and geochronology. It i 
demonstrated that solid-state zircon formation in metamorphic rocks is more likely to occur 
during retrograde rather than prograde processes. Zircon equilibria in metamorphic rocks is 
also found to be highly temperature dependent; phases such as garnet and rutile incorporate 
more Zr with increasing temperature. thereby resorbing coexisting zircon. These findings 
have profound implications for the interpretation of ages derived from metamorphic zircons. 
Experimental investigation of the reaction Zr-rutile + quartz -. rutile + zircon reveals 
a strong temperature dependence on the Zr content of rutile. From experiments. a new 
geothermometcr is defined based on Zr02 in rutile. in the presence of zircon and qua11z: 
T(OC) = 89297.49 + 0.63(P - l) - 273 
RlnK + 33.46 
This thermometer can be used to define temperatures for successive stages of metamorphism 
by comparing the Zr contents of rutile inclusions in major phases, with the composition of 
rutile in a quartz matrix. In the 1 apier Complex, East Antarctica. a rutile inclusion in 
sapphirine records the temperature of peak metamorphism, at I I 00°C. 10 kbar. A similar 
inclusion in cordierite gives a ten1perature of I 060°C. recording the temperature of sapphirine 
+ quartz breakdovvn. Rutile grains in the matrix in contact with quartz give lower 
temperatures, as low as - 700°C. 
implc calculations using the above formula show that during high grade 
metamorphism of a rutilc-bearing rock. the Zr-content of rutile incrca cs to such an extent 
that a significant proportion of pre-existing 7ircon \: ill be resorbcd, inhibiting new zircon 
growth and rcmo ing evidence of prior zircon forming events. J\ny metamorphic zircon 
present in such a rock must therefore have formed during cooling rather than at peak 
metamorphic conditions. 
A similar relationship is ev ident for the reaction Zr-almandinc + quartz -+ almandinc 
+ zircon, in which the Zr content of garnet increases with increasing temperature. Because Zr 
diffusion in garnet has a higher closure temperature than major clements such as Fe, Mg. Ca 
and Mn. such a trace clement thermometer can be used to investigate uccessive period of 
heating and cooling. or zircon gT0\\1h and resorption. through Zr zonation patterns in garnet 
where the major clement compositions ha c been reset during subsequent high temperature 
metamorphism. 
Two natural examples of zircon-forming reactions have been studied in detail. Jn the 
apier Complex of East Antarctica. zircon formed at 700°C and I 0 kbar via the reaction Zr-
rutile -T- quartz -+ rutile + zircon, during isobaric cooling from Ul IT metamorphism. Jn situ 
SHRIMP dating of zircons in thin section from the resulting reaction textures gives an age of 
2452 ± 17 Ma. In contrast. zircon in the Rogaland metamorphic aureole of SW Norway. 
formed via the reaction Zr-garnet ~ sillimanitc + quartz -+ cordierite + zircon. This reaction 
occurred at 710°C and 5.6 kbar during regional decompression and has a U-Pb isotopic age of 
955 = 8 Ma. 
For the fir t time. this study has defined the boundaries for which precise P-T-t 
constraint may be placed on zircon formation in metamorphic rocks. 
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U-Pb zircon geochronology is widely used as an aid in unravel ing complex 
metamorphic histories, establishing the ages of successive metamorphic, igneous and 
structural events, and even as a tool for determining provenance in sediments. In an igneous 
rock. the meaning of a zircon-derived isotopic age is clear; the age reflects the time of 
crystallisation of the zircon and by association, the magma. Determining the meaning of 
isotopic ages from metamorphic zircons is not so straightforward. It has generally been 
accepted that metamorphic zircon dates the peak of metamorphism. It will be shown in this 
thesis that this assumption is incorrect for many high grade rocks. and that for certain 
common assemblages, is impossible. It will be further shown that in most cases the formation 
of metamorphic zircon occurs post-peak metamorphism. This is demonstrated through a 
combination of experimental studies and examples from natural rocks of con trasting 
evolution. The age of zircon growth in these rocks is not that of peak metamorphism. 
The metamorphic history of a rock may last anywhere from tens to thousands of 
millions of years. That history may be relatively simple: burial, compression and uplift. or the 
rocks may have experienced a number of successive metamorphic cycles, with complex 
zonation patterns developed within many different minerals. including zircon. Our 
understanding of the causes of such compositional zonation in other common metamorphic 
minerals. such as garnet. is well developed. from particular garnet compositions we can 
calculate changes in metamorphic parameters such as pressure and temperature during the 
growth of that mineral. From specific combinations of minerals and their relationship to each 
other. an entire metamorphic history can be pieced together. including changes in pressure. 
temperature, oxygen fugacity, water activity, rates of burial and uplift. For all this knowledge 
however. the simple story of how zircon rnight form during metamorphism has gone 
unresearched until recently (e.g. Fraser et al .. 1997; Bingen et al., 2001; Rubatto et al. , 2001 ). 
This. in spite of the extensive use of zircon for geochronology in metamorphic rocks. How 
can such geochronological research be placed into context without any understanding of the 
behaviour of zircon during metamorphism. and what part of a tectonic cycle its gro~rth or 
resorption might represent? 
I 
Introduction 
A Brief History of U-Pb Geochronology in Metamorphic Rocks 
U-Pb zircon geochronology of metamorphic terranes dates back to the early 1900's 
(e.g. Muench, 1931 ). This and subsequent studies generally involved whole grain analysis of 
zircons from igneous bodies having well constrained intrusive or structural relationships with 
associated metamorphic rocks. Isotopic dating of metamorphic rocks themselves proved to be 
more complicated. with zircon populations commonly producing mixed and/or geologically 
meaningless ages (e.g. Fig. I of Williams e1 al. , 1984; Claesson, 1987). It was not until the 
advent of spot analysis on individual grains. using technology such as the Sensitive High-
mass Resolution Ion Microprobe (SHRIMP) developed during the l 970's. that true 
·metamorphic· ages could be reliably determined (e.g . Black et al., 1986). Performing spot 
analyses allows specific growth zones within a zircon crystal to be targetted, identified by 
variat ions in crystal structure and U contents using SEM cathodoluminescence. In 
polymetamorphic terranes this becomes especially useful for distinguishing between a 
succession of overprinting metamorphic events (e.g. Black et al. , I 986; Vavra et al., 1996). 
Use of the SHRIMP and other spot analysis techn iques such as Laser Ablation 
Inductively Coupled Plasma Mass Spectrometry (LA-lCPMS) has progressed at a rapid rate; 
very few researchers now undertake whole grain zircon geochronology for metamorphic 
rocks. However the application of this technique has overtaken our level of understanding 
with regard to the relationsh ip between metamorphic zircon formation and the different stages 
of any given tectonic cycle. Many authors in the past have merely related metamorphic 
zircon ages to ambiguously termed 'thermal' or ·isotopic· events (e.g. Tingey, 199 l ). or 
simply ·the peak of metamorphism' (e.g. Kroner, 1995). Others ascribed metamorphic zircon 
formation to hydrothermal or metasomatic activity (Williams et al .. J 996). though generally at 
high metamorphic grades very little fluid is present. Undoubtedly though. fluids play a role in 
the red istribution of Zr and recrystallisation of zircon at lower grades (e.g . Murphy and 
Hynes. 1986; Hegdahl et al., 2001). Often, the formation of metamorphic zircon is ascribed 
to recrystallisation of pre-existing zircon (e.g. Pidgeon. 1992; Hoskin and Black, 2000) at 
both low and high grades . 
2 
fnt roduct ion 
Some workers have attempted to place tighcer constraints on zircon formation relative 
to othe r metamorphic processes. and thereby give more meaning to z ircon ages. These 
studies include Davidson and van l3reemen (1988) who described metamorphic replacement 
of baddeleyite by zircon. Vavra et al. ( 1996) who speculated that zircon formation may have 
been related to biotite breakdown: and Robe11s and Finger (1997) and Hermann et al. (2001) 
who showed that zircon may crystallise during decompression melting. The more definitive 
work of Fraser el al. ( 1997) showed texturally and chemically that zircon may form from 
garnet breakdown during decompression. Bingen et al. (200 1) have given textural evidence 
that some zircon formation in eclogites of the Caledonides in Norway was related to ilmenite 
breakdown during eclogitisation of pre-existing granul ites. Rubatto el al. (2001) and Vavra et 
al. (1999) discussed the formation of z ircon during partial melting associated with prograde or 
peak metamorphism. 
f lowever none of these studies is complete~ each lacks some element discussed 
separately by the others. Most concentrate on geochronological aspects and speculate on 
zircon fo rmation, either completely unsupported by petrological evidence (Vavra er al., 1996), 
or using indirect evidence such as inclusions and trace element compositions to infer the 
timing of zircon growth re lative to major phases (Rubatto et al .. 2001 : Hermann el al .. 200 1 ). 
Davidson and van Breemen ( 1988), Fraser et al. ( 1997) and Bingen et al. (200 I) address 
directly the issue of solid-state zircon forming reactions using textural ev idence, however 
Davidson and van Breemen (1988) offered no physical constraints to their reaction save that 
of ·metamorphism·. Fraser et al. ( 1997) could not obtain geochronological information for 
their zircons to constrain the exact t iming of decompression, and Bingen el al. (2001) failed to 
present geochemical analyses to support the textural evidence that zircon fo rmed from 
ilmenite breakdown. 
Aims and Approach 
This study aims to bring together the various approaches described above to produce a 
clear picture of zircon formation from different processes in d ifferent metamorphic 
environments. Such research involves the combination of petrology, geochemistry and 
geochronology in both natural and experimental systems. In detail. the principles of 
3 
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metamorphic petrology can be used to further our understanding of the timing and causes of 
zircon growth and resorption during an orogenic cycle. This is achieved through the 
identification of those silicate and oxide minerals that ma) incorporate sufficient Zr into their 
lattice such that their formation and breakdo"' n would have a measurable influence on zircon 
resorption/gro"' th. It is then important to correlate the timing of new zircon growth or 
resorption with specific mineral reactions. in order to date specific parts of a metamorphic P-
T-t cycle (i.e. prograde. peak. uplift. retrograde). 
The speci fie aims of this study are: 
• to identify those common rock-forming minerals that have a significant and measurable 
influence on zircon equilibria during metamorphism 
• to identify potential zircon-forming reactions which can be defined in P-T space, using 
both naturally occurring examples and experimentally defined equilibria 
• to combine the petrology. geochemistry and thermobarometry of exemplary zircon-
forming reactions from natural samples, with in situ gcochronological analysis. thereby 
placing prcci c temporal constraint on specific points of P-T paths. 
The approach taken here will firstly involve a detailed study of common minerals 
found in metamorphic rocks of amphibolite to granulitc grade to determine their Zr contents 
and partition coefficients (Chapter J ). This will lead to the identification of those minerals 
most likely to influence Zr distribution in a metamorphic rock should they form or break 
do-., n. Changes in Zr partitioning will affect both zircon formation and resorption. 
In Chapter 2 the temperature dependence of Zr-Ti solid solution in rutile is explored 
through experimental petrology. In combination with data from natural systems. this will 
provide a thorough base for understanding the intimate relationship between coexisting rutile 
and zircon aero ' S a wide range of metamorphic environments. The U-Pb geochronology of 
naturally occurring zircon formed in association with rutile is described in Chapter 3. This 
chapter brings together petrologic and thermobaromctric information in combination with U-
Pb and Pb-Pb zircon geochronology to date the timing of isobaric cooling in Enderby Land. 
lnlroduction 
East Antarctica. A new method for in situ sampling of zircon to maintain textural context of 
ion probe analyses is also outlined. 
The re-distribution of Zr across metamorphic reactions involving garnet breakdown 
from the Rogaland metamorphic aureole in SW I 01way, as well as zircon equilibria 
associated with these reactions, is discussed in Chapter 4 . An understanding of the behaviour 
of both Zr and zircon in metamorphic systems is developed and can be used in conjunction 
with the Zr distribution coefficients from Chapter 1 to predict potential zircon-forming or 
consuming reactions. 
Chapter 5 explores Zr concentrations and zonation in garnet, which may be preserved 
even after very high temperature metamorphism (e.g. Spear and Kohn, I 996). A series of 
experiments to test the effect of changing P-T conditions on the Zr content of garnet are 
described and analysed in detail. This leads to a quantitative understanding of the causes of 
Zr zonation in minerals such as garnet, and the effects this might have on the stability of 
coexisting zircon. The geochronology of the zircon-producing reaction described in Chapter 
4 is addressed .in Chapter 6, constraining the timing of isothermal decompression in SW 
lorway. This final chapter aims to demonstrate that with careful petrological and 
geochemical analysis, accurate age constraints can be placed on specific points of a 
metamorphic P-T path. 
5 
Chapter I Zr in Common Minerals 
Chapter 1: 
Zr contents of common metamorphic niinerals 
Introduction 
Before detailed studies of Zr-equilibria are given, it is worthwhile to first of all review 
existing data on the concentration of Zr in common minerals, as well as the crystal-chemical 
reasons for th is. To understand the behaviour of zircon in metamorphic systems, we need to 
consider how and where Zr is distributed amongst the other minerals that together form a 
metamorphic rock. This chapter examines the distribution of Zr amongst some common 
metamorphic minerals with the aim of identifying potential 'parent' minerals to zircon during 
metamorphism. Previous work in this area (e.g. Fraser et al., 1997) identified garnet and 
amphibole as possible Zr sources, as well as osumi lite and orthopyroxene (Degeling et al., 200 I; 
see a lso Chapter 4). Both of these studies were of high-grade metamorphic terranes with peak 
temperatures in excess of 800°C. This line of research has been expanded upon here with the 
compilation of data both from existing literature and from samples analysed during the course of 
this study, to form a data set of Zr contents of minerals commonly found in metamorphic rocks. 
Abbreviations used in the text and data tables are given in Appendix A. 
A significant proportion of the data obtained from the literature is derived from igneous 
lithologies. Only a few studies of the trace element contents of natural metamorphic minerals 
are published. These include Bea et al. ( 1994), Spear and Kohn (1996), Fraser el al. (1997), 
Pyle and Spear ( 1999), Oegeling et al. (200 I) and other data presented in this thesis. The 
systematics of trace element pa1titioning between igneous and metamorphic environments can 
be widely different. Metamorphic crystal lisation generally involves solid state transfer of 
elements, though at higher grades melt may be involved. Crystal lisation in an igneous environment 
involves the pa1titioning of elements between solid and liquid phases. Partition coefficients (0 ) 
can be defined for the d istribution of trace elements between the coexisting crystal and melt, 
where: 
D = concentration of element in crystal 
concentration of element in melt 
By this approach , the concentration of an element in an individual mineral primarily reflects the 
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bulk rock content of that element. However, in th is study the focus is on the behaviour and 
partitioning of trace elements in the subsolidus metamorphic environment, which has rarely 
been considered in traditional trace element geochemistry. 
lf an acccsso1y phase for which a particular trace element is an essential component (e.g. 
Zr in zircon, Y in xenotime), is present in a rock, then the rock is considered to be saturated with 
respect to that element. These trace elements are considered to be in excess, and immune to 
conventional mineral equilibria. If the formation of a mineral such as zi rcon means that a rock 
is saturated with respect to Zr, then common minerals coexisting with zircon in that rock will be 
buffered with respect to their Zr content. ln many rocks, the existence of zircon is dependent on 
quartz-saturation. It is rare to find zircon in mafic, Si-poor lithologies, whereas it is prolific in 
felsic rocks. Therefore it can also be said that the buffering of Zr concentration in common 
metamorphic phases relies not only on the presence of zircon, but also that of quartz. It follows 
then, that for a mineral in the presence of zircon and quartz, conventional net transfer and exchange 
reactions can be written to describe the distribution of Zr between different minerals, and the 
formation or consumption of zircon. The same can also be applied to other elements and accesso1y 
phases. In some cases, the concentration of trace elernents in coexisting minerals can be shown 
to be independent of the total concentration of those elements in a rock. An example of this is 
the varying Zr content of garnet in rocks with the same bu lk Zr content but metamorphosed to 
different temperatures, discussed in Chapter 4 . This departs from the traditional approach taken 
by igneous geochemists, described above. The concept of trace element buffering in common 
minerals by coexisting accessory phases is vital for the understanding of metamorphic phase 
equili bria involving accesso1y minerals such as zircon. 
For example, a reaction can be written to describe the Zr-content of grossu lar garnet, 
which involves solid solution with the Zr end-member kirnzeyite (Milton et al., 1961): 
kimzeyite quart::. zircon gross11/ar 
The equilibrium constant for this reaction is wrinen as: 
K = 
a gn a:ircon 
gross · ZrSiO, 
gn qt7. 
a kim · aSiO! 
If the activity of quartz is reduced, the Zr content of garnet increases in the form of the kimzeyite 
7 
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end-member. Thus pure kimzeyite garnets are only ever found in quartz-undersaturated rocks 
such as carbonatites (e.g. Milton et al. , 1961) and shoshonitic lavas (Munno et al., 1980). The 
same activity constraints apply to the Zr content of solid phases in the presence of a melt, in 
which the activity of pure Si02 is also reduced. Thus the sub-solidus behaviour of trace elements 
such as Zr can be expected to be very different to that predicted by conventional igneous 
geochemistry and crystal-melt partitioning of elements. It will be shown in this thesis that, in 
the presence of quartz and zircon, the Zr content of metamorphic minerals is controlled by sol id-
state net transfer and exchange reactions. 
ln the consideration of Zr contents of common metamorphic minerals, it is worthwhi le 
reviewing the natural rock and experimental data available in the literature. ln addition, samples 
used in this sn1dy have been collected from a number of high-grade metamorphic teITanes, each 
with contrasting styles and history of metamorphism. The bulk of samples are from the Rogaland 
metamorphic aureole in southwestern Norway, where P-T conditions range from 700°C, 6-8kbars, 
to - 900°C, 4-5kbars. The metamorphism of these rocks is discussed in greater detai l in Chapter 
4 where specific examples and reaction textures from th is area are addressed. Appendix B 
contains a map of sample locations discussed in this and subsequent chapters. Other samples 
included in this study are from the amphibolite gneiss-hosted chamockites of the Wanni Complex, 
Sri Lanka, as well as granulite facies metapelites from the apier Complex, Enderby Land, 
Antarctica. Samples from both of these areas were collected by David Ell is (see Ellis and Hiroi , 
1997, and Ell is et al. , 1980). In addition to these metamorphic rocks, samples of an altered 
gabbro-diorite near Temora, SW have been collected and analysed, as well as an amphibolite 
xenolith from a qua11z latite in the Chino Valley, Arizona (Arculus and Smith, 1977). 
Methods 
Analytical methods for major and trace elements are described in Appendix C. Trace 
elements were analysed using laser ablation-ICPMS (LA-ICPMS), whereas major elements were 
analysed by EDS. Those trace element analyses derived from the literature were generally 
obtained by alternative methods , such as solution ICPMS, Proton Microprobe and X-Ray 
Fluorescence. For analytical methods employed in published works cited here, the reader is 
referred to the literature from which those analyses were derived. Obviously a comparison of 
data collected via different techniques will be subject to the errors inherent in those techniques. 
In addition , some of the studies included here date back to the I 960's when detection limits and 
instrument accuracy were not at the same level as today. Also, many of the techniques used in 
8 
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these earlier studies require whole grain mineral separates (e.g. XRF and solution lCPMS, with 
no laser attachment) and there is a real possibility of zircon inclusions in, for example, biotite. 
This would impart a certain amount of uncertainty to the data, especially for anomalously high 
values of elements such as Zr. 
Results 
Zr contents (ppn1) and c1ystal-melt partition coefficients, as well as crystal-bulk rock 
distribution coefficients, for common minerals are given in detail in Appendix D. This data set 
is a comprehensive compilation of both published analyses of Zr as well as analyses pe1fonned 
as part of this study, and gives a reasonable idea of the distribution of Zr amongst major rock-
form.ing phases in metamorphic rocks. Appendix Dis summa1ised in Tables 1.1 and l .2. Given 
the large range in values of Zr for some minerals, as well as the lack of sufficient analyses for 
others, the summa1y given in Tables 1.1 and 1.2 is meant as a rough guide only. It will be 
demonstrated in later sections of this chapter that both mineral composition and bulk rock 
composition have a significant influence on the distribution of Zr amongst common phases. It 
remains a useful exercise, however, to first consider the broad trends in Zr distribution, before 
examining each mineral group in detail. 
Table \.I shows that, from the literature, a kimzeyite garnet from the Magnet Cove 
carbonatite (Milton et al., 1961) has the highest measured Zr content of29.9 wt% Zr02 (221350 
ppm Zr). This garnet formed in the absence of quartz, and so the Zr content is not buffered by 
coexisting zircon. Ru tile has the highest crystal-l iquid Zr partition coefficient of all the minerals 
considered here (from an experimental study by Jenner et al. , 1994) of 4. 76 (Table 1.2). Titanite 
is also shown to contain significant Zr, as is clinopyroxene, though this latter has a re latively 
smal I average partition coefficient of 0.24. By comparison with clinopyroxene, orthopyroxene 
contains very little Zr. 
The minerals most consistently high in Zr content are the Ti-bearing phases, such as 
rutile, ilmenite and titanitc. Those minerals with the lowest Zr concentrations and pa1tition 
coefficients are those also ve1y poor in Ti, such as fe ldspar, sillimanite and cordierite. Other 
minerals containing high concentrations of Zr, but not necessarily Ti, include garnet, 
clinopyroxene, amphibole and osumilite. Conversely, of the mica group, the largest propo1tion 
of ana lyses are of biotite (see Appendix 0 ), which may contain significant Ti , but is shown here 
to have little Zr. 9 
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Table J. I Zr contents of common rock-fom1ing minerals; all values in ppm. The full data set is given 
in Appendix 0 . including results from individual studies, rock types and pressure-temperature conditions where 
available. Values of zero in the given range of concentTations indicate that the level of Zr was below detection. 
Mineral \!.of Analyses Range St Deviation Mean Median 
Ilmenite~$ 23 1 0. 11-6166.71 1142.69 586.88 120.20 
Hemmite,. 37 0.03-60.34 13.34 13.12 7.83 
Ulvospinelss 106.67 0 
Magnetite., I I 5 0-1553.66 149.17 26.52 0.44 
Pseudobrook ite I I 17.53-9.98 23 .29 45.7 1 42.96 
Other Spinels 27 0-517.89 99.62 19.40 0.06 
Rutilc 58 46.83-65165.62 8877.08 2457 .83 161.58 
Titanite 46 5.49-26634. I 1 6458.49 63 11.09 477 1.95 
Clinopyroxene 205 0.02-105863 . I 7 16651.99 5683.31 291.00 
Orthopyroxcne 105 0.77-3035.24 296.45 4 1.44 6.05 
Garnet 179 0.59-22 1350.27 35453.47 6807.57 41.70 
Amphibole 185 0.14-30574.47 3621. I 5 959.68 60.00 
Mica Group 148 0-163.00 22 .24 6.02 0.72 
Feldspar 99 0-509.00 71.22 14.59 0.05 
Cordierite 9 0-4.57 1.69 2.00 2.50 
Sillimanite 10 0-7 .95 2.70 1.70 0.27 
Osumi lite 5 17.25-43.87 10.44 34.91 37.06 
Sapphirine II 0-9.5 I 2.82 1.0 I 0.14 
Chlorite 4 4.46-368.28 180.14 98.11 9.85 
Epidote 29 2.49-21 .79 4.57 9.29 9.65 
Quanz 14 0- 12.80 4.07 1.95 0.16 
Table J .2 Statistical data on Zr c1ystal-mclt partition coefficients for common minerals from the literature, 
derived from studies of igneous rocks or from experimental studies (see Appendix 0). ·NO' denotes no data 
available. 
Mineral N. of Analyses Range St Deviation Mean Median 
Ilmenite 21 0.07-1.98 0.48 1.0 I 1. 16 
Hematite ND 
Ulvospinel ND 
Magnetite 32 0.03-3 .98 1.06 0.74 0.34 
Pseudobrookite NO 
Other Spinels 9 0.03-0.1 4 0 .04 0.06 0.05 
Rutile 4.76 
Tirnnite :'\D 
Cl inopyroxenc 127 0.02-1.20 0.21 0.24 0. 19 
Orthopyroxenc 32 0-0.22 0.06 0.06 0 .03 
Garnet 20 0.23-2. 12 0.42 0.69 0 .60 
Amphibole 72 0.08-4.00 0.48 0.47 0.38 
Mica Group 21 0.02-2.00 0.59 0.46 0.14 
Feldspar 45 0.01-0.55 0.1 1 0.12 0 .09 
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Discussion 
Jt is clear that Zr tends to be most abundant in phases containing essential Ti such as 
ilmenite, titanite and rutile. zr4+ substitutes directly for Ti4+ in these minerals. Whilst Zr is also 
found in substantial concentrations in some minerals such as clinopyroxene in which Ti is only 
a minor constituent, partition coefficients consistently reveal a greater affinity of Zr for Ti-rich 
phases over other mineral types. Table 1.3 gives ionic radii for a range of common elements for 
comparison with Zr. Ti4- is the closest to zr4+ of al I the elements listed in charge and size. Other 
elements such a Mg2+ are closer in size to Zr4 ... , however it is evident from the data presented 
here that differences in valence state have a significant influence on the abi lity of Zr to substitute 
for cations with a smaller charge. 
Table 1.3 Table of ionic radii for major elements in comparison with Zr. Ionic radii from Shannon ( 1976). 
Element Coordination Jonie Radius 
'umber (A) 
Si4 IV 0.26 
Ti4 VI 0.61 
Al3 ' VI 0.54 
Cr3+ Vl 0.62 
Fe3+ Vl 0.55 
Fe2 • Vl 0.61 
Mn2• IV 0.66 
Mo-2• 
0 VT 0.67 
Ca2• VI 1.00 
ra • VI 1.02 
K' Vl 1.38 
Zr4+ VI 0.72 
Micas, specifically biotite, were expected by Fraser et al. ( 1997) and also by Vavra et al. 
( 1996) to contain a significant amount of Zr and to be an impo.1tant parent mineral in metamorphic 
zircon-producing reactions. This would seem reasonable given that some Ti4+ is found in most 
micas (including biotite, phlogopite and muscovite), especially at higher temperatures (Guidotti 
et al. , 1977; Tronnes et al. , 1985). However biotites (and other micas) have amongst the lowest 
Zr concentrations of the minerals repo1ted here. Ti4+ substitution in biotite octahedral sites is 
favoured by higher temperatures (Guidotti , 1984; Kullerud, 1995), and is partly facilitated by 
thermal expansion of the M2 cation site during heating (Patino Douce, 1993). The substitution 
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of a 4+ cation, such as Ti, into the M2 site involves coupled substitution of Al31" or Mg/Fe2- for 
Si4+ on the ten·ahedral site to accommodate the charge imbalance induced by the presence of 
Ti4..- . The coupled substitution is also helped by higher temperatures in fitting a larger cation 
sucb as Al or Fe into the small tetrahedral site. The Ti-0 bond length for octahedrally coordinated 
Ti4+ is I .96A, according to Brese and O'Keeffe ( 1991 ). Zr-0 bond lengths for Z14 .,. in octahedral 
coordination are larger, at 2.09A (Brese and O'Keeffe, 1991 ). Therefore the smaller Ti cation is 
accommodated at high temperatures despite its high charge as the strain induced on the biotite 
crystal structure is rnuch less with Ti substitution than with addition of the larger Zr cation. 
Therefore, whilst some biotites may have up to 12 wt% Ti02 (Greenwood, 1998), very few have 
significant Zr contents. 
Some researchers have published high concentrations of Zr in biotite (e.g. Nash and 
Crecroft, 1985) which do not seem ro meet with the structural constraints outlined above. It is 
suggested here that the common occurrence of zircon crystals enclosed within biotite may lead 
to erroneous, high Zr values for whole grain analytical techniques. Whilst researchers may be 
careful to avoid biotites with visible zircon inclusions, these are impossible to pick in mineral 
separates where zircon may be completely enclosed within the biotite grain and therefore hidden 
from view. or too smal 1 to detect. 
Zr par tition ing in the system Fe-Ti-0 
A study of the Fe-Ti-0 system further highlights the relationship between Zr concentrations 
and Ti contents of minerals. This system involves varying degrees of magnetite-ulvospinel , 
ilmenite-hematite and pseudobrookite-FeTi20 5 solid solution due to the substinition 2Fe
3
.,. = 
Fe2.Ti4+ (Fig. 1.1 ). Many rocks show evidence of these sol id solutions in the form of exsolutions 
of one Fe-Ti phase within another. ln the system Fe-Ti-0, sol.id solutions exist between Ti-rich 
and Ti-poor endmembers, allowing a wide variation in Zr partitioning to be studied. 
Where exsolutions of one phase occur in a host grain of different composition, the original 
composition prior to unmixing can be re-calcu lated, including Zr content. The behaviour of Zr 
during exsolution can then be model led. The data from Table 1.1 suggests that Zr will partition 
into the Ti-rich endmember of a so lid solution. Therefore it should be possible to observe a 
direct correlation between Zr and Ti content in phases with varying degrees of solid solution as 
long as the Zr content is buffered by the presence of quartz and zircon. As the degree of sol id 
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solution between opaque phases is related to temperature and J02 (Buddington and Lindsley, 
1964), it should then be possible to describe a relationship between these factors and the degree 
of Zr partitioning. 
FeO Fe30 4 
Magnetite 




Figure I.I Fe0-Fe20 3-Ti02 ternary diagram with the solid solutions ulvospinel-magnetitc. ilmenitc-
hcmatite and pseudobrookite-FeTi20 s-
It should be noted here that whilst the only ulvospinel analysis obtained in this study 
contains less Zr than the highest concentration found in magnetite in the literature (Appendix D, 
Table I. I), the latter was obtained from magnetites showing significant solid solution with 
ulvospinel and grown in the absence of quartz and zircon (Dawson et al. , 2001 ). As demonsh·ated 
by the median Zr concentration (Table 1.1 ), most magnetites analysed both here and in other 
studies contain < l ppm Zr. 
Representative individual Fe-Ti oxide analyses from this study are shown on Table 1.4. 
These are specific examples of analyses of coexisting Fe-Ti oxides and do not represent a summary 
of all the data collected in this study, which is given in Appendix D. On Table 1.4, rutile contains 
the highest levels of Zr, as seen in the samples from Enderby Land, with 2994 ppm Zr (0.40 wt% 
Zr02). Ilmenite, ulvospinel, pseudobrookite, hematite and then magnetite follow in order of 
decreasing Zr concentration. Magnetite contains consistently less Zr than any other phase in the 
Fe-Ti-0 system. Where two or more Fe-Ti oxide phases co-exist. the most Ti-rich phase contains 
the most Zr. Only two samples showed exceptions to this, samples HD98083 and HD98085, 
where a high degree of solid solution between ilmenite and hematite exists (Fig. l .2a, b). Hematite 
in these samples contains - 15 wt% Ti02 despite some ilmenite exsolution during cooling. The 
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T:.1blc 1.4 Representative %r concc111rations (ppm) and distribution codlicicnts (%r in Ti-phasc/7,r in re-phase) from individual LJ\- ICPMS analyses of opaque oxides ~ from Rogaland, Sri Lanka, Enderby Land and the Chino Valley in Arizona. Note that for samples containing nitilc (Enderby Land and Chino Valley) ilmenite is taken as the Fe-phase for distribution coefficient calculations. Rogaland samples 11098083 and llD98085 have hematite as the Fe-phase as it occurs in more intimate association with ilmenite than magnetite. Due to the complex nnturc of ilmenite tind hcnrntitc exsolution lamellac in samples 111)98083 and 11098085 (ns shown on Fig. I .2a,b). the 
laser beam could not target arcns of pure ilmenite or hematite, therefore the annlyses given here (*) indicate the composition of broad cxsolution lamcllac and include the 
fine cxsolutions within that region. 
Lithology Sample Ilmenite Magnetite Hematite Ru tile Pscudobrook i le Ulvospi ncl J)'.1·pha<c/Fc·pha;;r Zr 
oga anr. 
anorthositc LID98007 41.97 9.08 - - - 4.62 
banded gneiss llD98I14C 3.08 1.21 - - - 2.55 
HD98138B 160.39 2.34 - - 68.54 
calc silicates HD98083 21.03* 6.85 25.39* - 0.83 (ilm/hcm) 
11098085 10.15* 0.44 12.15* 
- -
0.84 (ilm/hcm) 
11098140$ 5.65 1.54 
- - - 3.67 
granitic gneiss 11 09811913 7.82 0.39 
- - - 20.05 
HD98 12613 7.06 0.3 - 23.53 
H098127A 187 38 0.62 -
-
302.23 
garnet i ferous HD98078A 21. 13 10.27 - - - 2.06 
migmatile 11098078B 248.57 2.04 
- - - -
121.85 
1-1098102 1:3 5.74 0.10 - - - 57.50 
HD98102D 8.52 0.36 - 23.67 
11 09810211 3.60 0.08 - - 45.00 
1 ID98103A 5.69 0.13 - - - 43.77 
HD9811 3A 1.25 0.16 - - 7.81 
Sri Lanka 
amphibolite HD98001A 23.56 13.61 - - - 1.73 
charnockite HD98001 D 64.5 25.97 - - 2.48 ~ 
Enderby Land ::· 





7628 3372 0.12 - - 2994.45 - 24953. 75 ~ Chino Valley 5 
amphibolitc PRI05 42.96 - - 165.14 48.16 106.67 3.84 (1111/ilm) ::: 
xcnolith 3.43 (rut/psbr) ?i::: 
:::· 
..._ ~ 
~ .... ~ 
--~ 
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Figure 1.2 Reflected light photomicrographs of various opaque oxides; a) Multistage 
ilmenite-hematite exsolution textures from sample HD98083. The complexity of these 
exsolutions (seen in both samples HD98083 and HD98085) relates to continued subsolidus 
unmixing of the larger exsolution Jamellae during cooling; b) complex ilmenite-hematite 
exsolution in sample HD98085, with coexisting magnetite; c) ilmenite-magnetite trellis 
exsolutions from sample HD98 l 26B; d) ilmenite-magnetite granule exsolution from 
sample HD98001 A, Sri Lanka; e) rutile-ilmenite intergrowths from sample 76283372; 
Enderby Land metapelite; f) pseudobrookite-ulvospinel-rutile exsolutions from Chino 
Valley xenolith (sample PR I 05). 
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Zr content of coexisting ilmenite and hematite in these samples is shown on Table 1.4 to be very 
similar. 
ln contrast to samples from Rogaland and Sri Lanka, which contain hematite and 
magnetite, the Enderby Land and Chino Valley Fe-Ti oxides are all Ti end-member phases (e.g. 
rutile and ilmenite). In the first example, from Enderby Land, ilmenite inclusions were compared 
to the host rutile. Zr was largely found in rutile, with a partition coefficient ( D~llirm) of up to 
27954 (Table 1.4), and measured concentrations in the range 655 - 2994 ppm Zr. Rutile from 
amphibol ite xenoliths in Chino Valley was found to contain much less Zr at 165 ppm. 
A recent publication (Bingen et al., 200 I) demonstrated texturally that the breakdown of 
ilmenite to form rutile could release Zr to form zircon. They suggested that ilmenite will contain 
more Zr than rutile. however it is shown here that rutile may contain more Zr than ilmenite, in 
apparent contradiction to the observations of Bingen et al. (2001 ). The reason for this lies in the 
recognition that at very high temperatures a solid solution exists between rutile (Ti02) and 
baddeleyite (Zr02) (e.g. Brown and Ouwez, 1954; McHale and Roth, 1986). The high temperature 
metapelites of Enderby Land, metamorphosed at - 1100°C (e.g. Harley and Motoyoshi, 2000), 
display this olid solution to some degree, whilst lower grade rntiles (- 700°C for Chino Valley; 
Arculus and Smith, 1977) contain far less Zr (Sample PR I 05; Table 1.4, and also Spandler pers 
comm, 200 I; Appendix 0). The la pier Complex rutiles display evidence of exsolution of Zr02 
from the host rutile, presumably related to cooling from higher temperatures and therefore higher 
Zr concentrations in the rutile. This is discussed in detail in Chapter 2. 
Figure 1.3 shows a compilation of a ll Fe-Ti oxide data analysed here. Ilmenites contain 
a large range of Zr concentrations. The appearance of two distinct groups within tbe ilmenite 
analyses results from the bulk rock mineralogy controlling Zr distribution. All of the ilmenites 
with high Zr contents (>0.0006 rnol percent Zr) are found in more mafic samples that contain 
very little or no free quartz and rare zircon (samples HD98 l l4C, 127 A, l 38B and 0788). These 
results show that bulk rock composition can have a dramatic effect on Zr distribution and 
partitioning . .In a quartz-rich rock, zircon (ZrSi04) is readily able to form , reducing the amount 
of Zr avai I able to partition into other phases and buffering the rock with respect to Zr. A quartz-
poor rock such as samples HD98 l 14C, 127 A, 1388 and 0788, however, may contain less or no 
zircon, leaving Zr free in the rock to partition into other phases. Other Zr-phases such as 
baddeleyite (Zr02) and zirconolite (CaZrTi20 7) do not form in these samples as the rocks are 
not fu lly silica-undersaturated. ln this situation , there is no buffering phase to limit the amount 
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Figure 1.3 Fe2•-Fe3• -Ti-Zr quaternary with distTibution of data points as discussed in the text The three 
ternary diagrams (Zr-Fe3--Fe2+ , Zr-FeH-Ti and Zr-Fe2+-Ti) represent the three uppermost faces of the quaternary, 
projected from the fourth component in each case. On the Zr-Fe3+-Ti ternary it is easy to see the relationship 
between Ti and Zr in hematite,.. and, to a lesser degree, magnetite,~. Along the Ti-Zr join, two groups of ilmenite arc 
evident with high and low Zr. Note that Xzr in th is diagram has been multiplied by 10000 to better highlight the 
range of Zr compositions between different minerals. 
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of Zr in other minerals, thus increasing the amount of Zr those phases might contain. Figure 1.3 
clearly demonstrates that Zr in ilmenite >>Zr in magnetite , but that the details of the variation SS SS 
in Zr contents between different samples must include an analysis of mineral assemblages and 
bulk rock Si composition for each sample. 
It is well established (e.g. Buddington and Lindsley, 1964) that both magnetite and 
hematite become more Ti-rich with increasing temperature and decreasing /02 in the Fe-Ti-0 
system. For example: 
Fc,O, + Fe, Ti04 -> Fe,0 4 + FeTiO, - .) - .) .) (I . I) 
hematite 11lv6spi11el magnetite ilmenite 
(1.2) 
magnetite ilmenite 11lv6:;pi11el 
It stands to reason, therefore, that these phases w ill also conta in more Zr at higher temperatures 
or lov.rer /02. In addition, as the Ti content of magnetite is a systematic function of T and /02, 
this information could possibly also be used to predict the amount of Zr contained in magnetite 
and/or ilmenite at any given set of metamorphic conditions, providing zircon or baddeleyite 
were present in the matrix to ensure Zr saturation in all phases. Alternatively, the amount of Zr 
in a zircon-buffered magnetite or ilmenite may serve to indicate metamorphic temperatures. 
Theoretically, exchange and net transfer reactions can be written to describe the 
partitioning of Zr in Fe-Ti oxides with changing metamorph ic conditions. Taking hypothetical 
end member compositions in wh ich Zr has replaced all the T i in reactions (I. I) and ( 1.2) gives 
the exchange reaction: 
( 1.3) 
hematite Zr-ulv6spi11el Zr- ilmenile magnetite 
and the net transfer reaction: 
( 1.4) 
magnetite Zr- ilmenite Zr-11l1'ospi11el 
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The Ti endmember versions of these reactions ( l. l and 1.2, above) are commonly observed and 
described in a wide range of metamorphic rocks. The data in Table l. l has shown that ilmenite 
and ulvospinel contain significant amounts of Zr, therefore it is likely that reactions (J.3) and 
(1.4) are relevant in dilute form for the trace element substin1tion of Zr02 in Fe-Ti oxides. 
Similar reactions can also be written to describe zircon formation and resorption during 
metamorphism: 
( 1.5) 
Zr-ilmenite q11ortz 11lvospinel z ircon 
(1.6) 
ulvospinel ;irco11 ilmenite Zr-111\-ospinel quart:. 
These reactions may occur in any rock that contains ilmenite, ulvospinel-magnetitess' zircon and 
quartz, covering a broad spectrum of metamorphic lithologies and environments. The reactions 
defined here are also just a few examples, many others can be defined for a wide range of 
equilibria. based solely on the substitution of Zr for Ti. 
Two things are apparent from the data presented here. Firstly, Fe-Ti oxides are capable 
of significant uptake of Zr into their c1ystal Ian ices. As a generalisation, the concentration of Zr 
in rutile>>ilmenite>>magnetitcss· Clearly, the influence of pressure and temperature upon Zr 
substitution in Fe-Ti oxides is also controlled by /02, amongst other things. Tn contrast, the 
substitution of Zr in rutile (described in Chapter 2), does not depend on /02. 
Secondly, it can be predicted that if detrital zircons are present in a metamorphosed rock, 
the uptake of Zr into Fe-Ti oxides will have a measurable affect on zircon resorption with 
increasing grade. Thus it will be very difficult to precipitate new zircon overgrowths during 
peak metamorphism if the zircons are in fact being consumed to enable Zr substitution into 
coexisting phases. 
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Zr in Ti-poor minerals 
Whilst Zr readi ly substitutes into Ti-ricb minerals, it may be more useful to examine 
those minerals where alternative substitution mechanisms allow Zr into the crystal lattice. ln 
cases where these minerals break down, zircon is more likely to fom1 as the Zr has no Ti to form 
a simple substitution with as part of a new Ti-rich mineral, as shown in reactions ( 1.3) and ( 1.4) 
above. From Tables I. I and 1.2, obvious candidates are reactions involving the breakdown of 
garnet or clinopyroxene. 
The high concentrations at which Zr may occur in garnet from quartz undersaturated 
rocks can be attested to by the occurrence of a Zr end-member garnet, kimzeyite (Milton et al., 
196 l) with the fonnu la Ca3Zr2Al2Si012. From Table I. I and Appendix D, most garnets contain 
from around 7 to 70 ppm Zr, with crystal-liquid partition coefficients generally >0.5 (Table J .2). 
It is unlikely that Ti controls Zr substitution into garnet as most garnets contain some Zr, but few 
of those studied here could be considered Ti-rich. Zr substitution in garnet involves replacement 
of Fe3- or Al3+ by Zr4+ on the octahedral site, coupled with Al 3+ substitution for Si4+ on the 
tetrahedral site (\1ilton et al., I 961 ; Ito and Frondel, 1967). Higher temperatures, again causing 
thermal expansion of the crystal lattice, would favour this substitution due to size differences 
between Zr4+ (0.72A) and Fe3+ (0.65A) (ionic rad ii from Shannon, 1976). Crystal-chemical 
refinement ofkimzeyite by Munno et al. ( 1980) supports this, with an observed increase in Al 3+ 
and Fe3+ in the tetrahedral site to compensate for the high valency Zr4+ cation substituting into 
the octahedral site. This exchange describes exactly a solid solution series between andradite 
(Ca3Fe2Si:i0 12) and kimzeyite (Ca3Zr2Al2Si0 12) . Similar solid solutions are likely for other 
garnet compositions (e.g. almandinc, pyrope, and grossular). 
Clinopyroxene is also shown on Tables l . l and 1.2 to be an important mineral to 
incorporate Zr in metamorphic systems. The existence of some Ti-rich compositions, such as 
titan-augite in Si-undersaturated rocks, suggests that Zr substitution may occur by direct 
substitution of Zr for Ti on the octahedral M site (e.g. Federico et al. , 1988). As most 
clinopyroxenes are not Ti-rich, however, it is likely that more complex substitution mechanisms 
are involved, for example coupled substitution of Zr on the octahedral site with either At3+ or 
Fe3..- entering the tetrahedral site in place ofSi4+. This latter is the likely mechanism for the high 
degree of Zr substitution in sodic clinopyroxenes formed in Si-undersaturated rocks (e.g. those 
of Duggan, 1988; see Appendix D). Morimoto ( 1988) asse11ed that Zr4+ should always occupy 
the MI octahedral site in pyroxenes. Published c1ystal chemical analyses of bond lengths however, 
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suggest that Zr may be more suited to the M2 site, given that Ml bond lengths for common 
clinopyroxenes are around 2.00A, as opposed to around 2.46A for the M2 site (e.g. Obcrti and 
Caporuscio, 1991; Tribaudino et al., 1989; Rossi et al. , l 983 ). Indeed, Federico et al. ( 1988) 
suggested that some Zr could occupy the M2 site, although they assigned the bulk of the Zr to 
the Ml site. 
The Ml site in orthopyroxenes is similar in size to that of clinopyroxenes (around 2.09A), 
however the M2 site of orthopyroxene, although larger than M l , is significantly smaller than 
M2 in clinopyroxene, averaging around 2.20A (e.g. Domeneghetti and Steffen, 1992). If Zr 
occupies the MI site in all pyroxenes then there should be no difference in Zr concentrations or 
partition coefficients between ortho and clinopyroxenes. The observed preference of Zr for 
clinopyroxene (Tables 1.1 and 1.2), with larger M2 sites suggests that Zr probably does partition 
into the M2 rather than the M 1 site in both pyroxenes. 'ote also that the coordination number of 
M2 varies between pyroxene species. M2 in orthopyroxene has a coordination number of 6, 
whilst pigeonite M2 is 7 and most other clinopyroxenes have M2 with a coordination number of 
8. As Zr,_ is more easily accommodated in sites with higher coordination numbers, such as 
those found in most clinopyroxene M2 sites, it is likely that this is also a factor in the distribution 
of Zr between cl ino and orthopyroxene. 
The difference between Zr partitioning in different pyroxenes is emphasised when the Zr 
contents are compared for coexisting ortho- and clinopyroxenes, as well as orthopyroxene alone 
(Table 1.5). Orthopyroxene in the Rogaland anorthosite (sample HD98007) has very little Zr 
compared to coexisting clinopyroxene. This is also observed in sample HD98078B (Table 1.5) 
from the garnetiferous migmatites in Rogaland where orthopyroxene contains at least an order 
of magnitude less Zr than coexisting clinopyroxene. 
ln addition to garnet and clinopyroxene, Table I. I shows that amphiboles may also contain 
significant amounts of Zr; up to 30574 ppm with a maximum published partition coefficient of 
4 (Table 1.2). A recent study of amphibole crystal chemistry (Obe11i et al., 2000) showed that Zr 
preferentially enters the M2 octahedral site in common amphiboles such as pargasite, but may 
pa11ition into the larger MI site in more sodic end-members such as richterite. Jn pargasites and 
hornblendes, common substitution mechanisms include straightforward substitution for Ti4+, or 
(for example) coupled substitution for Mg2+ or Fe2+ in M2 with replacement of two Si4+ cations 
by two Al 3+ cations in tetrahedral sites to maintain charge balance. This latter substitution may 
also occur in clinopyroxenes (Oberti et al. , 2000). 
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Data collected during this study suggest that osumilite may partition significant Zr in 
metamorphic rocks (Table 1.1 ). Based on published bond lengths for osumilite (Armbruster and 
Oberhansli, 1988; who sn1died samples from the same locality in south western or,;vay as 
those analysed here). Zr is most likely to enter the octahedral A site, which has a measured 
cation-oxygen bond length of 2. I 3A. Recalling that the Zr-0 bond length calculated from Zr 
and 0 covalent radii is 2.09.A, the A site is the closest fit for Zr, with other sites being either too 
small or too large. Other cation sites within the osumilite structure include two tetrahedral sites 
(with cation-oxygen bond lengths of 1.62 and 1. 76.A) and a channel ('C') site located within six-
mcmbered double rings. This latter has a cation-oxygen bond length of 3.14.A, and is generally 
occupied by K, a or Ca. The ve1y large size of this site, and the low charge of its typical 
resident cations, makes it unlikely that Zr will occur in these channels. As the A site in osumilite 
is generally occupied by cations such as Fe2+ , Mg and more rarely Ti, substitution mechanisms 
for Zr in osumilite may include direct replacement ofTi4+, or more commonly coupled substitution 
involving either replacement of octahedral Al3..-. with substitution of Al3 ... in one of the tetrahedral 
site for Si4+. or alternatively substitution for one Fe2+ or Mg2+ cation coupled with substitution 
of two A 13+ cations into tetrahedral sires. 
Ta ble l .5 A comparison of Zr contents oforthopyroxene both in the presence and absence of clinopyroxene. 






































Chamer I 7.r in Common Minerals 
Based on the wide range of substitutions possible for Zr in common metamorphic minerals 
described above, some simple zircon-producing reactions can be defined for subsolidus 
metamorphic equilibria in quartz-samrared rocks. For example: 
( 1.5) 
Zr-a/111a11di11e quart= almr111di11e zircon 
( 1.6) 
Zr-diopside for.sterile enstatite =ircon 
( 1. 7) 
Zr-hnrnhle111/e quart= hornh/ende zircon 
All these reactions define theoretical endmembers that have not been considered before 
for natural rocks. They are given here to represent trace components in an othe1wise common 
phase. For example, the Zr-diopside endmember given in reaction ( l .6) would never be stable 
as it requires a vacancy on the MI site to maintain charge balance; s ite vacancies are common in 
natural phases in low concentrations. 
Many more reactions could be defined here, however those shown above serve to 
demonstrate the variety of metamorphic equilibria that may influence zircon stability or Zr 
distribution in a lmost any rock. The data presented here demonstrate that a wide range of sources 
of Zr is available for the format ion of metamorphic zircon. Simple reactions involving common 
metamorphic phases can profoundly influence the growth or consumption of zircon. 
Temperature dependence of Zr solubility 
The effect of temperamre on Ti concentration in biotites was discussed briefly above. 
Given this temperature dependence it is possible that if biotite was stable to higher grades Zr 
may be accommodated within a thernially expanded crystal lattice. The influence of temperature 
on Zr concentration is also observed in other minerals. Garnets from across the Rogaland 
metamorphic aureole in southwestern Norway show an increase in Zr concentration from 7 ppm 
at - 700°C to 139 ppm at - 900°C (Fig 1.4). The major e lement composition of the garnets 
changes very little (from Alm 0.72 Py0.22Sps0.02Grs0.03And 0.01 at 700°C to 
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Alm057 Py0.35Sps0.03Gr 0.02And0.03 at 900°C), and neither does the bulk rock composition (from 
246 to 288 ppm Zr). Those garnets from Appendix D with the highest Zr contents (e.g. kimzeyites, 
from carbonatite (M ii ton et al., 196 l) and shoshonitic lavas (Munno et al., 1980)) occur in very 
high temperature, Si-undersaturated igneous rocks . The Zr concentration of the garnet is thus 
not buffered by co-existing zircon and qua1tz, where the reduced activity of Si02 fac ili tates an 
increase in the activity of Zr-garnet, as described at the beginning of this chapter. The influence 
of other Zr-phases such as baddeleyite and/or zirconol ite that might be present in Si-undersaturated 
rocks cannot be ascertained from the available data. 
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Figure 1.4 Zr variation in garnets with temperature across the Rogaland metamorphic aureole. The highest 
temperature garnets are also those with the highest concentrations of Zr, whilst lower temperature garnets contain 
much less Zr. The variable Zr concentration at high temperatures is due to complex zonation in garnet porphyroblasts 
(discussed in Chapter 5). 
Rutilcs also show a temperature dependence with respect to Zr solubility, with low 
temperature rutiles (such as those formed in eclogites) containing tens of ppm Zr (Appendix D), 
whilst high temperature rutiles such as those from granulite facies rocks in the Napier Complex, 
Antarctica, contain several thousand ppm Zr. These changes in Zr contents with temperature in 
different minerals reflect high temperature solid solutions such as those between andradite 
(Ca3Fe2Si30 12) and kimzeyite (Zr-end member garnet - Ca3Zr2Al2Si0 12), and rutile and 
baddeleyite, which are discussed in Chapters 5 and 2, respectively. Since some minerals cru1 be 
shown here to have increased Zr concentrations at higher temperatures, the Zr contents of these 
minerals will therefore increase during prograde metamorphism. The Zr required to facilitate 
this increase would most probably be sourced from the resorption of pre-existing zircon. 
Therefore, the likelihood of zircon fonnation during pro grade metamorphism is reduced. It is 
apparent that we must look to the retrograde, or cooling path for evidence ofnew zircon formation. 
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Summary and Conclusions 
Prediction of potential zircon-forn1 ing metamorphic reactions requires an understanding 
of which minerals (common and otherwise) are likely to contain significant amounts of Zr, and 
thereby affect levels of Zr saturation upon breakdown. Zr substitutes for Ti most readily of the 
major elements, therefore Ti-phases have the greatest influence on Zr distribution, and are the 
most likely sources of Zr in metamorphic reactions. However breakdown of one Ti-phase will 
result in the formation of another which would probably also take in Zr. Therefore this may not 
be an effective way to form zircon , unless the product Ti-bearing phase is one with very low Zr 
solubility, such as biotite. 
Other Zr-rich phases inc lude garnet, amphibole, clinopyroxene and osumilite, in which 
Ti is typically a minor element, though Ti-rich endmernbers are known for garnet, amphibole 
and clinopyroxene. Garnet in particular is an impo11ant mineral to understand in terms of Zr 
distribution due to its importance in thermobarometry for P-T constraints on metamorphism, as 
\.veil as the increased likelihood of zircon formation from garnet breakdown due to the non-
involvernent of Ti. 
A more derailed comparison of Zr contents of Fe-Ti oxides from different rock types 
revealed that bulk rock chemistry also influences quite strongly the trace element composition 
of common minerals. Without a buffering phase such as zircon , which in tum is dependent on 
the presence of quartz, the amount of Zr in a particular mineral is controlled by the amount of Zr 
available in the rock for it to take in. The very high concentrations of Zr in garnet from Si-
undersaturated rocks, such as kimzeyite in carbonatites from Magnet Cove, suggest that Zr 
distribution behaves ve1y differently depending on bulk rock composition, and in pa1iicular, 
bulk Si content. ln very Si-undersarurated rocks where other Zr-phases such as baddeleyite are 
present, it is possible that similar buffering mechanisms operate, however the exact nature of 
these systems cannot be quantified by the data available to th is study, which is focused specifically 
on zircon. 
It has also been shown here that some minerals (such as garnet, ilmenite and rutile) 
contain triore Zr at ve1y high temperatures. This suggests that during progrnde metamorphism 
the solubility of Zr will increase in many common minerals thereby inhibiting the growth of 
new metamorphic zircon. Zircon may be more likely to form during cooling from peak 
temperatures when minerals have a declining abi lity to accommodate Zr. Armed with this 
r 
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in format ion, we can predict which reactions are likely to be zircon-producing. These may include 
garnet breakdown and other reactions involving minerals high in Zr but low in Ti, or changes in 
grade (coo li ng reactions) where Zr in minerals such as rutile is no longer stable. The fo llowing 
chapters in th is thesis deal with specific examples of Zr distribution during metamorphism and 
the formation of zircon from metamorphic reactions. 
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Chapter 2: 
Experimental study oj'ZrO 2-TiO 2 rutile solid solution; 
implications for zircon growth 
Introduction 
The substitution of Zr in a range of Ti-rich minerals was described in Chapter I, as was 
the observation that some minerals, such as garnet, appear to contain more Zr with increasing 
temperature. This chapter combines the observation from Chapter I that Zr will most commonly 
substitute into Ti-rich phases, with a thermodynamic study to expl.ore the reaction: 
Zr-rutile + quartz ~ rutile + zircon 
LCere the solubility of Zr in rutile is analysed in detail using both experimental and natural data. 
By defining the thermodynamics of th is simple system (Ti02-Zr0 2-Si02) , a new 
thermometer is developed that is unique for a number of reasons. Foremost, it uses Zr - an 
element traditionally considered immobile and not useful for conventional metamorphic 
them1obarometry as it is commonly present only in trace concentrations in most phases. Secondly, 
the requirements for successful application of the thermometer developed in this chapter are 
simply the presence of coexisting rutile, zircon and quartz. This is an assemblage that can be 
found in many rock types . Therefore a thennometer based on the Zr content of rutile, buffered 
by zircon and quartz, is not restricted to specifically pelitic or mafic rock types as are some 
commonly used geothennometers or barometers . For the fi rst time a thermometer has been 
developed that can be used in rocks from the mantle, lower to upper crust, and igneous or 
metamorphic lithologies as long as rutile, zircon and qua1tz are stable together. 
Experimental Methods 
Experiments in the system Zr02-Ti02-Si02 were run at 1 atm, I 0 and 20 kbar, l 000°C -
I 500°C (Table 2. 1 ). I atm experiments were perfonned using both vertical and horizontal 
furnaces, whilst high-pressure experiments involved Boyd and England (1960) type piston 
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cyli nder apparatus, with half-inch piston. Starting Mix I consists of Si02 (Aerosil Oegussa), 
Ti02 (Oegussa) and Zr02 (Specpure) powders in the relative proportions 1: 1.86: 1.23 respectively, 
based on a desired starting composition of I 0% quartz, 4S% zircon and 4S% rutile. The powders 
were fi rst weighed , then ground and mixed thoroughly in acetone using an agate mortar. 
Approximately 0.06 g of this final mix was then placed in 3 mm platinum capsules, with a small 
amount of water added as a flux for piston cyl inder experiments. Starting M ix II was used for 
reversal experiments, performed at I atm and I 0 kbar, l000°C - J S00°C. A preliminary l gram 
mix containing a I :3 mix of Zr02-Ti02 powders was heated to l 600°C at 1 atm for 24 hours to 
create a combination of high Zr rutile and zirconium titanate (Zr,Ti)20 4. The product was analysed 
with an electron microprobe to ensure thorough crystallisation, giving rutiless with the composition 
18.48-19.lS wt% Zr02, and (Zr,Ti)20 4 with S2.34-S8.13 wt% Zr02 (Table 2.1; quartz-absent 
reversal mix) . This product was then ground and combined in acetone with 0.20g Si02 powder 
to form Mix II for reversal experiments. 
For piston cylinder experiments, the platinum capsules were encased in boron nitride 
and graphite, and enclosed within a pyrex then salt sleeve (Fig. 2.1 ). A Pt- Pt90Rh io thermocouple 
was inserted into the assembly, to within 1 mm of the sample, to measure the temperature 
throughout the experiment. Temperatures were regulated automatically by a EUROTll ERM 
controller, with an accuracy of ± S0C. Pressure was controlled manually, and was maintained at 
the desired level to within I% error. For I atm experiments the platinum capsules were crimped 
shut without welding and placed in a platinum bucket, which was inserted into the furnace. 
Temperature in these runs was again maintained by a EuROTH ERM controller, to within ± S°C. 









Figu re 2.1 Experimental assembly for rutile-zircon-quartz experiments. 
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Analytical Methods 
All experimental products were analysed texturally and compositionally using a Jeol 
6400 Scanning Electron Microscope with Link fsis EDS software, as described in Appendix C. 
Experimental Results 
All experiments produced coexisting rutiless' qua1tz and zircon. A Si-rich melt was present 
in l 500°C piston cylinder nms. Some remnant (ZrTi)20 4 was found in lower temperature and 
pressure reversal experiments where the back-reaction did not go to completion. Quartz and 
zircon were of end-member compositions Si02 and ZrSi04, whereas rutile fom1ed a sol id-solution 
(Ti.Zr)02. Analytical results of experiments are given in Table 2. 1. Fu ll ana lyses are provided 
in Appendix E. Equilibrium rutile compositions at each pressure and temperature were approached 
as closely as possible by averaging the maximum and minimum values of Zr02 obtained 
respectively for Mixes I and IL Grain sizes vary slightly with mineral type, temperanire and 
duration of experiment. Quartz genera ll y formed the largest crystals, especially at higher 
temperatures, whilst zircon formed the smal lest grains (1 to 10 µm). Rutile was generall y too 
small for more than one analysis per grain, therefore any compositional zonation could not be 
detected. 1 o systematic variation in rutile composition was detected across the experimental 
charge. Mineral grains are generally anhedra l (Fig. 2.2), though rutile may show a subhedra.l, 
sl ightly elongate form. Zircon only forms euhedral grains at the highest temperatures (Fig. 
2.2c). 
In lower temperature experiments with a fine grained product, some contamination of 
rutile ana lyses with adjacent quartz or zircon grains was identified (e.g. Fig. 2.3). By plotting 
the data on Zr02-Ti02-Si02 tematy diagrams, with tie-l ines to end-member zircon and quartz, 
rutilcs with Zr contamination from nearby zircon could eas il y be isolated from those ana lyses of 
pure rutiles~· and excluded from the data. In cases where only quartz contamination was evident, 
the Ti:Zr ratio is not affected. For this reason all analyses in Table 2.1 have been normalised to 
exclude Si and thereby give a more accurate Zr-ruti le composition. In most analyses, however, 
the Si concentration was at or below the detection limits of the EDS system (-0.2 wt%), and 
therefore the exclusion of Si did not significantly alter the overall composition. 
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Table 2. 1 Details of experiments in the system Si01 -Ti01 -Zr01 . Wt% Zr01 analyses for rutile represent the full 
range of compositions from each experiment. Th~ X~ given - for each experiment is the maximum for Mix J 
experiments and minimum for Mix ll experiments. The minimum X~~ is also given for the qua11z-absent reversal 
mix. Full analyses arc given in Appendix E. 
Run Number P(kbar) T(°C) Duration (hrs) N. of analyses Range (wt%) xRI 1 Zr 
Starting Mix I 
ATM-81a 0.001 1000 984 10 0.15-1.36 0.0088 
/\TM-80a 0.001 1100 529 10 0.36-2.86 0.0188 
ATM-49 0.001 1200 90 10 4.62-4.93 0.0325 
ATM-50 0.001 1300 22 II 8.28-8.69 0 .0581 
ATM-52 0.001 1400 19 10 10.70-11.70 0.0791 
ATM-63 0.001 1500 15 10 16.03-16.59 0.1142 
G459 10 1000 120 10 0.79-1.04 0.0068 
0464 10 1100 100 12 1.55-1.96 0.0128 
G462 10 1200 73 10 3.01-3.33 0.0219 
G457 10 1300 5 19 4.35-5.47 0.0362 
G463 10 1400 4 JI 7.05-8.25 0 .0551 
G538 10 1500 2 10 13.19-17.23 O.l 141 
G500 20 1000 142 10 0.49-0.74 0.0048 
G501 20 1100 118 10 0.95-1.27 0.0083 
G502 20 1200 78 10 1.57-1.97 0.0128 
G503 20 1300 8 9 3.80-3.97 0.0261 
G499 20 1400 5 10 3.98-4.98 0.0328 
G529 20 1500 3 10 8.19-8.94 0.0599 
Ouarrz-A hse111 Reversals Mix 
ATM-65 0.001 1600 24 20 18.48-19.15 0.1324 
Starting Mix II - Reversals 
ATM-81b 0.001 1000 984 10 1.76-4.74 0.0115 
ATM-80b 0.001 L 100 529 10 3.00-4.74 0.0197 
/\TM-68 0.00 I 1200 96 10 4.98-11.09 0.0329 
ATM-69 O.OOJ 1300 24 10 9.49-12.93 0.0637 
ATM-67 0.001 1400 24 10 12.31- 15.47 0.0834 
ATM-66 0.001 1500 17 10 16.89-1 7 .62 0.1164 
G506 10 1000 243 10 1.01-1.18 0.0066 
G511 10 1100 216 10 1.99-3.31 0.0130 
G522 10 1200 307 10 4.45-5.27 0.0293 
G473 10 1300 12 10 5.90-8.55 0.0391 
G472 10 1400 4 9 9.01-10.72 0.0604 
G507 10 1500 4 10 11.16-14.31 0.0754 
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Figure 2.2 a) zircon lamellae in rutile from a reversal experiment. demonstrating re-equilibration of the 
host rutile from higher temperatures, and therefore higher Zr-compositions; b) discrete grains of nttile and zircon 
in quanz matrix. Zircons in this experiment commonly contain a small core of unreacted Zr02; c) euhedral zircon 
in very large rutile and high temperatures and pressures. Note that these rutiles grew in the presence of a Si-rich 
melt; d) coexisting rutile, zircon and quanz, with unreacted (Zr,Ti)20 4 . 1otc the intergrowths of zircon and rut ile 
at the margins of the (Zr,Ti)20 4 • rut = rutile; zcn = zircon; qtz - quanz and zt = zirconian titanate (Zr,Ti)i04 . 
Si 
QU3r1/ 
.~# • ...-,_,,. contam1na11on 
Ti ~--"~~~~~~~~~~~~~~~ zr 
Figure 2.3 Ternary Zr02-Ti02-Si02 diagram demonstrating the method by which contaminated analyses 
were identified from experimental data. and the nature of that contamination. Contamination was generally found 
in fine-grained samples: this example is from ATM-Sia at I atm, 1000°C using Mix I. 
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The data in Table 2. l clearly show an increase in Zr02 content of rutile with increasing 
temperature and decreas ing pressure. 1400°C rutile from Mix I conta ins 11.70 wt% Zr0 2 at 1 
atm, and 4.98 wt% at 20 kbar. The P-T dependence of Ti-Zr subst itution in rutile is reflected in 
changed modes of run products whereby those at lower temperatures contained more zircon 
than those at high temperan1res. This is consistent with the increas ing Zr content of rutile which 
therefore leaves less of this element for the fonnation of zircon. 
At I 500°C, I 0 kbar, rutile was found to contain up to 17.23 wt% Zr02 for Mix I. This 
rutile fo rmed in the presence of zircon and a Si-rich melt (see Appendix E for representative 
analyses), and therefore cannot represent a solid-state equilibrium rutile composition. In the 
presence of a melt, rather than quartz, the activity of Si02 is reduced, which enables much 
higher concentrat ions of Zr in rutil e. The minimum Zr02 concenh·ation in rutile fo r Mix II at the 
same conditions is 1 l.00 wt%, in the presence of qua11z and zircon rather than melt. As such, 
this value is probably closer to a true equilibrium composition than that obta ined for Mix 1. 
Relic (Zr,Ti)i04 from starting Mix II commonly persisted in some reversal experiments 
as corroded cores to newly formed zircon and rutiless (Fig. 2.2d). This is ascribed to isolation of 
these relic cores from matrix quartz, thus hindering complete recrystallisation. Whilst the 
(Zr,Ti)20 4 did not react fully, high-Zr rutile from l atm experiment ATM-65, which then formed 
the rutile for Mix fl reversals, was successfu lly re-equilibrated to lower temperatures (Table 
2.1 ). Evidence of exsolu tion of Zr02 from the host rutile is seen on Fig. 2.2a, where Zr02 has 
exsolved and then reacted with Si02 su1Tounding the rutile to form long lamellae of zircon. 
These lame llae were too small to obtain a pure analys is, however a mixing li ne (Fig. 2.4) proves 
them to be zircon surrounded by rutile, with Si:Zr in the proportions I: I. 
The substitution of Zr4 ... for Ti4.,. would suggest that baddeleyite (Zr02) rather than zircon 
should occur as exsolutions from rutile. Therefore Si must be able to diffuse through the rutile 
via cleavage planes or microfractures for zircon to form . At high temperatures the diffusion 
distance of Si is large enough to ensure that even baddeleyite within rutile gra ins is unstable in 
bulk rock Si-saturated conditions, such as those produced in these experiments. The possibility 
of actual Si substitution for Ti in rutile is small within the pressure range of these experiments, 
and indeed in most geological environments, due to the small size of Si4.,. relative to the cation 
sites in rutile. If there was to be Si substitution in rutile, one would expect th is to be more 
evident at higher temperatures. 1400°C rutiles were large enough to avoid matrix qua1iz 
contamination, and did not contain any detectable Si02. 
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Figure 2.4 Xs; vs Xzr plot of mixed analyses of natural and experimental zircon inclusions in rutile. All 
analyses lie close to the 1: 1 line between Zr and Si, indicating a zircon composition (ZrSi04 ) surrounded by the 
host rutile despite the individual inclu ions being too small to obtain a pure analysis. Analyses of some natural 
rutiles with small zircon inclusions plot slightly below the trend line between pure zircon and nnilc due to the 
presence of other clements such as l\b. 
Derivation of thermodynamic parameters 
The experiments described above were performed in order to study the reaction: 
(2 .1) 
Zr-rutile quartz zircon rulile 
I lowever, this equation requ ires re-balancing for eve1y Zr composit ion, therefore the fo llowing 
end member reaction was employed for the1modynamic calcu lations: 
(2.2) 
Zr-in-rutile quartz zircon 
ln a ll the following ca lculations, 'Zr02' refers to Zr02 in r111ile, not baddeleyite which 
has a monoclin ic rather than tetragonal crystal structure under metamorphic conditions (Fig. 
2 .5). 
Using the srandard state equat ion 
6G(P,T> = 6H - T6S + (P-1 )6 V = -RTlnK (2.3) 
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an expression for temperature based on the Zr content of rutile can be derived for any qua11z-
bearing rock. To this end, the equilibrium constant for reaction (2.2) is given as 
a'cn 
K = ltSiO, 
, Kt q11 "1.r0~ . as;o~ 
Both zircon and quartz are pure phases in reaction (2.2) for these experiments. The 
equi librium constant therefore becomes 
K =-l -
aR• ZtO~ 
Whereas pure zircon was produced in the experiments described by this study, natural 
zircons contain at least several hundred ppm U, Th and !If. The activity of th is phase would 
therefore become < I . However, the concentrations of these impurities are on the order of ppm, 
and only occasionally 1-2 wt% , therefore the activity of natural zircon would be around 0.999: 
a figure very close to 1.0. 
Henry' Law states that the activity of a trace component in its host phase is directly 
proportional to its concentration. Therefore at dilute concentrations, ideal mixing ben.veen Ti 
and Zr in rutile can be assumed, where a = X. Phase diagrams in the binary Ti02-Zr02 system 
(e.g. Pandolfelli et al., 199 l) demonstrate the existence of a solvus between -40 and 50 mot % 
Ti02 in the Si-absent system, and the formation of the phase (ZrTi)20 4 (Fig. 2.5). Therefore in 
reality a non-ideality of mixing exists in this system. Previous work in this area cannot be 
applied to the current study however, as recent unpublished experimental work at the A U 
Geology Department (personal communication, UJrikeTroitzseh, 2002) has demonstrated that 
published phase relations fo r rutile, baddeleyite and sri lankite are incorrect. The behaviour of 
this system at high Zr concentrations in ruti le does not significantly affect the stability and 
compositions of phases in the temperature range of either the experiments performed here, or of 
natura l rocks. 
where 
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Figure 2.5 Phase diagram in the system Ti02-Zr0~ . in the absence of quartz. A tier Pandolfell i et al. ( 1991 ). 
The vo lume of Zr-ruti le was constrained through measurement of cell parameters us ing 
XRD for a range of x~; between 0 and 0.14 (Tro itzsch and Elli s, in prep), i.e. Zr-contents of 
ruti le up to a concentration far greater than ever found in quartz-bearing assemblages. This 
resulted in the formula 
(2 .5) 
For the pure Zr-rutile endmember (Zr0 2), X~~ is I, therefore the volume is 2.284 J bar·1mol·1. 
6. V of reaction (2.2) takes the form 
6.V = V - (V + V ) ten Zr-rutilc Qll. (2.6) 
1 ote that different Si02 polymorphs (cristobalite, tridymite, coesite and quartz) will 
affect the thermodynamics of reaction 2.2 due to vo lume changes between these phases. All 
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Figure 2.6 Stability fields ofSi02 polymorphs (afier Heaney, 1994). The shaded area shows the range of 
P-T conditions covered by the experiments perfom1ed in this study. As shown, the experiments fall largely in the~­
quartz field. 
Therefore, using the volume data of Robie and Hemingway (I 995): 
6 V (Jbar'1 mol' 1) = 3.926 - (2 .284 - 2 .269) 
= -0.627 
f n near surface vo lcanic environments, the effect oftridymite rather than qua112 on equation 
(2.6) becomes important, as does the presence of coesite in ultra-high pressure assemblages. 
Therefore for rocks where alternative Si02 polymorphs are present, the following 6 V's can be 
used, based on the data of Robie and Hemingway ( l 995) for tridymite, cristobalite and coesite: 
6 Y . . = -1.0 1 l Jbar·1mot·1 Tndym11c 
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6 V Cris1ob:ili1c = -0.932 Jbar-'moJ-1 
6. V Cocsitc = -0.422 Jbar-111101· 1 
Rean-anging equation (2.3) to solve for lnK gives: 
In K = - (6H + (P - l )6 V) + 6S (2.7) 
RT R 
This equation is of the form y = mx + c, in which 6S! R is the intercept of a stra ight line 
and -(6H + (P-1 )6 V)!R describes the slope of a straight line at given P. Both intercept and slope 
for each line at l atm, I 0 and 20 kbar are given in Figure 2. 7. In the following calculations, the 
I 0 kbar experimental data are used to determine 6S and 6H. Data from I 500°C experiments are 
not included due to the presence of melt in some runs which disrupts the solid-state equilibrium. 
In addition, the 20 kbar data were not used in these initial calculations as the lack of reversals 
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Figure 2.7 lnK vs lff plot of Mix I and II rutile experiments. For I atm and 10 kbar data sets, the 
maximum value obtained from Mix I experiments, and the minimum from Mix I I runs. are given as the minimum 
and maximum values oflnK depicted by error bar . In the case of experiments run at these pressures with reversals 
to complement Mix I data, the average is taken of each minimum and maximum to obtain a value of lnK as close to 
absolute equilibrium as possible. A line was then fit through each data set from which 6S and 6H values were 
derived. 
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A plot of lnK versus 1 /T (Fig. 2. 7) demonstrates the consistency of the experiments 
outlined in Table 2.1. Figure 2. 7 includes both Mix J and Mix II compositions to bracket the 
equilibrium rutile composition at each temperature and pressure. The maximum Zr content of 
rutile from all Mix I experiments is shown, in combination with the minimum of each Mix II 
experiment. Only Mix I data are given for 20 kbar experiments as no reversals were run at this 
pressure. At 1 atm and l 0 kbar, the bracketing maximum and minimum Zr compositions for 
rutiles from Mixes rand II are averaged at each temperature to give an ideal equilibrium rutile 
composition. ln general, the derived value oflnK at each temperature is very close to the individual 
measured experimental values. 
From equation (2.7) and Figure 2.7, the 10 kbar data gives: 
6S 
c = - = -4.0239 
R 
where c is the intercept of the IO kbar linear regression on Figure 2.7. 
6S = -4.0239 x R 
61-L can also be calculated at a given pressure from Figure 2.7: 
m = - (6H + (P - 1)6V)= 11494 
R 
where m = the slope of the line at IO kbar on Figure 2.7. 
6H(Jn10J-1) = -11494xR-(P-1)6Y 
As 6H is taken to be constant for all P-T conditions, P is given as L 0 kbar ( LOOOO bars): 
6H = -95566.86 + ( 10000-1 )0.627 
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This value is significantly different to that predicted by a ~H calculated from reaction 
(2.2), using high temperature tetragonal baddeleyite as the Zr02 end-member phase (where the 
enthalpy of tetragonal baddeleyite at 1500 Kelvin is - I 088.15 kJ mot·1; Robie et al., 1978). ~H 
for this pure endmember reaction is - 29000 Jmo1·1• The difference in the t\.vo values of SH is 
explained by Henry's Law, where a close to linear relationship can be described for activity 
versus composition at low concentrations (such as that for which ~H was derived using Figure 
2.7), becoming non-linear at high concentrations as demonstrated on Figure 2.8. Therefore the 
value of ~H calculated from the experimental data presented in this chapter represents a 'Henry's 
Law standard state' for Zr concentrations in rutile at low concentrations. As it is highly unlikely 
that a rutile coexisting stably with zircon and quartz will ever be found at Zr concentrations 
higher than those synthesised here, the thermodynamic parameters for reaction (2.2) calculated 








Figure 2.8 Schematic plot of activity versus composition demonstrating the difference between Raoult 's 
and Henry's Laws for mineral solutions (after Wood and Fraser, 1977). Using low values of X (such as those for 
X zr in rutile described in this study). the extrapolation of them1odynamic parameters to higher concentrations 
deviates substantially from the observed trend due to the influence of Henry's Law. 
Finally, rearranging equation (2.7), we obtain: 
T = _ 6H + (P -1)6 V 
- RlnK +bS 
With substitution of the appropriate constants (~H , ~ V and ~S): 
T(oC) = 89297.49 + 0.63(P - l ) _ 273 
RlnK + 33.46 
(2.10) 
(2 .11 ) 
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where Pis in bars, and R = 8.3 I 45 JK·1mo1· 1. This pressure-dependent equation for detennining 
temperature can be used in any rutile-bearing, quartz-saturated rock. Given the low concentrations 
of Zr in ruti le, however, the accuracy of th is expression for Twill be very dependent on the 
quality of analyses. Whenever possible, analytical techniques with ve1y low detection limits 
should be used, such as LA-£CPMS or ion probe. Figure 2.9 demonstrates the effect ofT and P 
on contours of lnK for reaction (2.2). Note that the rate of increase of Zr content in rutile is not 
constant with increasing temperature. The isopleths of lnK are much closer together at low 
temperatures than those around I 300- I 400°C. 
15 
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Figure 2.9 lnK contours in P-Tspace, calculated from equation (2. l 1 ). /'.:, V, 61-1 and L\S values for tridymite 
in reaction (2.2) were substituted for those of quanz, producing a slight inflection of the lnK contours in the tridymite 
fi eld. Thennodynamic parameters differentiating between a-quartz and b-quartz were not calculated for two reasons: 
firstly the change in slope oft he lnK contours would be barely detectable at the scale of this diagram. and secondly. 
L\1 I oft he a-f3 quartz transition is within error of analytical techniques, and L\S is nearly so (see Table 2.2). The lnK 
contours are numbered in bold, with approximate concentrations of Zr in rutile in ppm corresponding to each lnK 
given in italics. 
The rel iability of equation (2.1 1) was tested by comparing measured temperan1res from 
experimental runs with predicted temperatures from ruti le compositions and equation (2.11 ). 
This is shown in Figure 2.10. At I atm, the predicted temperatures using equation (2.1 1) are 
consistently - 25°C too low. The reasons for th is are discussed further below. The measured and 
predicted temperatures for rutile compositions at l 0 kbar fa ll consistently on the I: 1 line, as 
should be expected given that these were the data used to deri ve equation (2.11 ). The 20 kbar 
data are more scattered, with some high and some low predicted temperatures. one is with in 
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I 0°C of the measured values, however some scatter is expected as no reversals were performed 
and therefore the equilibrium rutile compositions are less well constrained than for I atm and I 0 
kbar. 
a) b) 
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Figure 2.JO A comparison between measured temperatures from experimental runs, with predicted 
temperatures calculated using equation (2.11) and (2.12) in the text. a) I 0 kbar experiments: b) 20 kbar experiments: 
c) 1 atm experiment with predicted temperatures using equation (2. J l ); d) 1 atm experiments with predicted 
temperatures derived from equation (2.12), which includes ~H and 6S of tridymite rather than (3-quanz. 
The slight misfit between measured and predicted temperatures using I atm rutile 
compositions can be explained by the fact that equation (2 .11 ) was derived using I 0 kbar data, 
for which ~-qua11z is the stable Si02 polymorph. At l atm, the vo lume term (equation 2.6) using 
~-quartz is eliminated as P-1 = 0, however t'.lH and t'.lS of reaction are derived from equilibria 
determined in the ~-qua11z stability field, rather than that oftridymite. Figure 2.7 gave the slope 
and intercept of I arm experiments in tern1s of lnK vs lfr, as well as those for I 0 kbar. Therefore 
ill I and t'.lS for the tridymite stability field can be calculated following the procedures outlined 
above for the I atm data: 
t.H 1 atm = - 94402.83 Jmot·1 
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Applying these values to equation (2.11 ), as well as the!::.. V ofreaction (2.2) using tridymite 
in place of S-quartz, results in 
T = 94402.83 + 1.0 l l(P - I) 
RlnK +35.97 
(2.12) 
The measured vs predicted temperatures using equation (2 .12) for l atm data have a better fit 
than those using equation (2.11 ), as shown on Figure 2. 10. The small discrepancy in predicted 
temperatures for I atm data using equation (2 . 11) can therefore be accounted for by the differences 
in enthalpy and entropy between tridymite and S-quanz. The same can be expected to apply to 
other Si02 polymorphs such as coesite and cristobalite. 
Further constraint on the effect of different Si02 polymorphs on the thermodynamic 
calculations above is obtained by a comparison of the !::..Hand !::..S ofreaction across the S-quanz 
- tridymite transition, with the observed difference in enthalpy and entropy between equations 
(2.11) and (2.12). This is clearly demonsn·ated on Table 2.2. The difference in calculated !::..H 
and !::..Sat 1 atrn and I 0 kbar is equal with in error (from published ana lytical uncertainties; Robie 
et al., 1978) to the change in enthalpy and entropy resulting from the transition oftridymite to S-
qua11z with increasing pressure. 
Ta ble 2.2 Values of L\H and L\S for equation (2. l I) at I 0 kbar and equation (2. 12) at I atm compared with 
L\l land L\S for the tridymite-[3-quartz transition. The observed differences in entropy and enthalpy !Tom the equations 
based on Figure 2.7 are within error of the published values for the transition of tridyrnite to [3-quartz (at 1200 
Kelvin . from Robie el al., 1978). 
Equation (2 .11) 
(10 kbar) 
Equation (2 . 12) 
(I atrn) 




















Cliaprer 2 Tliermodvnamics n[7.r-rurile solid so!wirm 
Application to 'atural Rocks 
The experimental data described above indicate that Xzr of rutile systematically varies 
with metamorphic grade. Data are presented from natural rocks below (blue chist eclogitcs, 
Ul IT granulites and amphibolites) to confinn thi . Compared to independent thermometers, the 
calculated temperatures based on equation (2.11) provide excellent result . In addition, it can be 
demonstrated that the effect ofreaction (2.2) in Ul IT granulites is so marked that it is not possible 
for metamorphic zircon to fonn at the time of peak metamorphism in a rutile-rich rock. Subsequent 
cooling enables retrograde metamorphic zircon to develop, reflecting the temperanire dependence 
of Ti-Zr solid solution in rutile. 
Analytical techniques 
LA-ICPNIS was employed to analy e natural rutiles in situ on polished thin sections, 
following the methods outlined in Appendix C. Ti02 wa used as the internal standard derived 
from EDS analyses. 
Rutilesfrorn rhe Napier Complex, East A11tarctica 
The Archaean a pier Complex underwent prolonged metamorphi mat very high grades 
(Ellis, 1980; Sheraton et al., 1980). Temperatures arc estimated to have reached as high as 
1100°C at pressures around 8-10 kbar (e.g. llarley and Motoyo hi, 2000; Hokada, 200 I). On a 
regional scale, distinctive high temperature assemblages are found, such a osurni lite, sapphirine-
quartz, orthopyroxene-si llimanite, spincl-quartz and metamorphic pigeonite. Many of these 
assemblages are found in the Tula Mountains (Fig. 2.11 ), and in pa11icular at Dallwitz unatak 
where the sample di cu. ed here were collected by 0 . J Ellis and J. W Sheraton. The sample 
discussed below contain the peak a semblage garnet-sapphirine-quartz -fcldspar-rutile-zircon. 
with retrograde cordierite. 
Oisagrnemcnt exists over the timing of ultra-high tel1"1perature metamorphism in the Napier 
Complex. A number of geochronological tudics (e.g. Sheraton and Black, 1983; Black et al., 
1986; Harley and Black. 1997) indicate that granulite facie metamorphism took place around 
2900 Ma or older, followed by lower grade metamorphism associated with later tecronothem1al 
events. Other studie (Grew and Manton. 1979; DePaolo et al., 1982; Sandiford and Wilson, 
1984) indicate that peak metamorphism took place somewhat later, around 2500 Ma. In all 
these. tudies, the reported 7.ircon ages were assumed to record the timing of peak metamorphism. 
I lowever, as the Zr content of rutile increases significantly with increasing temperature (reaction 
2.2), metamorphic zircon could not fonn during peak conditions. The following ection wil l 
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show that a significant zircon-fom1ing event took place after the peak of 1netamorphism. The 
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Figure 2. 11 Map of Enderby Land, Antarctica. showing exposed, ice-free rock outcrop in the ~apicr 
Complex. Dallwitz :\unatak, discussed in the text. is lnbcllcd. From Harley ( 1985). 
Mctapclitic granulites from Dallwitz unatak show coarse grained rutilcs (- 50-100 µm) 
in intimate a sociation with zircon (Fig. 2.12). The two minerals commonly occur in contact 
with each other and in ome cases adjacent grain of zircon and rutile arc joined by a 'bridge' of 
zircon (Fig 2. I 2a), not unlike the 'hat' zircon texture described by Bingen et al. (200 I). In 
other examples, zircon i seen to partially envelop rutilc (Fig. 2. I 2b). On a much smaller scale, 
Zr-rich inclusions exist within some rutilcs not directly associated \.Vith larger zircon grains (Fig. 
2. I 2c,d). These inclusions are crystallographica lly oriented with in the host rutile. They are too 
mall to analyse individually {<I µm) , however a mixed analy is with the urrounding host 
rutile reveal a composition containing Zr and Si for these lamellae. Fig. 2.4 demonstrates that 
the proportion of these two clements lie on a straight line between the rutile composition and 
zircon, ruling out the possibility that these inclusions arc other than zircon. These features are 
interpreted as initial cxsolution of Zr02 (baddelcyitc) from rutilc, fo llowed by reaction with 
Si02 from the surrounding rock to form zircon lamellae within the rutilc. Thi has been observed 
in experiments u ing the rcvcr al mix (Fig. 2.2a), and i not due to Si02 so lid solution in rutile. 
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Figure 2.12 Zircon-rutile associations from metapelitic sample 7628 3362 ofDallwitz 1 unatak, Enderby 
Land, Antarctica. a) cathodo luminescence (CL) image of zircon adjacent to mtile with metamorphic overgrowth 
extending from rutile and surrounding a pre-existing zircon core; b) CL image of zircon wholly within rutile; c) 
backscatter SEM image of zircon inclusions in mtile, demonstrating the heterogeneous distribution of lamellae 
throughout the rutile grain; d) backscatter image of zircon lamellae in rutile. 
In cases where detrital or pre-existing zircon occurs directly adjacent to rutile, the new 
zircon has nucleated around the older core, g iving bridging rims contacting the rutile. The 
existence of cores in most of the zircons adjacent to rutile is demonstrated in cathodoluminescence 
images of the samples (Fig. 2.12a). The experiments described previously suggest that these 
zircons have formed during cooling of the 1apier Complex from peak metamorphism. 
Area scans of the inclusion-bearing rutiles were performed using SEM to determine the 
original Zr content of these grains prior to Zr02 exsolution. In all cases the entire rutile was 
analysed by summing ind ividual area scans generally covering 50 µm2. The concentration and 
distribution of zircon inclusions varied within and between grains, but not systematical ly. o 
consistent variation in rutile composition or concentration of zircon inclusions from core to rim 
was detected in any of the individual grains analysed, and therefore the results of all the area 
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scans covering each grain have been combined and averaged to give an e ti mate of the original 
Zr composition of the rutile. The results of area cans were quite variable from grain to grain, 
even when individual analyses from one grain were averaged. This variation is considered to 
resu lt from the difficulty in obtaining area scans that could truly be considered representative of 
the original rutile composition prior to Zr02 ex olution, rather than local-scale disequi librium in 
ruti le composition. Averaged area scans in Table 2.3 range from 0.20 to 0. 71 wt% Zr02. In 
general, however, the inclusion-bearing rutile appear to have contained around 0.48 wt% Zr02 
prior to Zr02 exsolution. Point analyses of the host rnti le to these inclusions gave Zr concentrations 
below the detect ion limi t of the EDS system (fu ll analyses are given in Appendix E2), though 
subsequent LA-1CPMS analysis gives a concentration of 211 ppm Zr (Table 2.4, sample 7628 
3350). 
Table 2.3 Rcprcscntath c EDS area scans of Napier Complex rutiles with small /ircon lanwllae, showing 
the mean wt% Zr02 of individual grains (based on an average for each rutile crystal of a typical 8 area scans). Zr 
conce111rations of the host rutilc llway from inclusions were bdow the detection limits of the EDS system. 
Temperatures calculated using equation (2.11 ). Full analyses are given in Appendix E2. 
Sample Mean Std. Dev. Calculated Temp (0 C) 
7628 3350 0.49 0.53 904 
0.66 0.44 940 
0.63 0.39 933 
7628 3372 0.33 0.17 858 
0.44 0.36 89 1 
7628 3362 0.44 0.07 890 
0.67 0.32 942 
0.71 0.20 949 
0.26 0.12 829 
0.20 0.15 806 
Overall mean: 0.48 0.18 900 
Those rutilc. in the quartz matrix, with no zircon inclusions. also commonly had Zr 
contents below EDS detection limits. Therefore a series ofLA-lCPMS analyses were performed. 
Rutilcs with no lamcllac were targeted for this technique, given the large pot size of the laser 
beam (~23 wn), making avoidance of inclusions in the analys is difficult. Some zircon inclusions 
were detected in the time-integrated data (Table 2.4, Fig. 2.13). Most analyses however showed 
inclusion-free crystals. 
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Table 2.4 Zr (ppm) and equivalent wt% Zr02 in Napier Complex rutiles from LA-lCPMS. Analyse 
represent a 29 µm spot size in sample 7628 0358. and 23 µm in samples 7628 3367. 7628 3372, 7628 3350 and 
7628 3362. Temperatures were calculated using equation (2.11) in the text, assuming a pressure of 10 kbar. 
Sample Zr (ppm) :!: 2cr Wt% Zr02 Host Mineral Relationship to Zircon 
7628 035 3645.00 92. 15 0.49 
2832.94 50.35 0.38 
2632.63 171 .95 0.36 
7103.57 174.42 0.96 
11389.00 248.71 l.54 
15368.27 232.44 2.08 
7628 3367 935.24 5.20 0.13 
5 '7.09 8.34 0.08 
1078.78 9.19 0.15 
654.96 4.09 0.09 
7628 33 72 2994.45 90.50 0.40 
3914.33 140.50 0.53 
205.77 3.72 0.03 
7628 3350 210.59 3.44 0.03 
516.47 3 .58 0.07 
5778.57 492.22 0.78 
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qtz (rutilc rim analysis) 
no zircon a sociated 
no zircon associated 









no zircon associated 
adjacent large zircon. no inclusions 
adjacent large zircon. no inclusions 
adjacent large zircon, no inclusions 
adjacent large zircon, no inclusions 
adjacent large zircon, no inclusion~ 
adjacent large zircon, no inclusions 







































• This analysi from sample 7628 3350 is of a rutile with zircon inclusions, but thi..: analysis is away from the c 
and therefore samples only the host rutile. 
The resu lts from LA-ICPMS analysis were more varied than those data obtained from 
EDS. The LA-lCPMS data given in Table 2.4 disp lay a range from 205 to 15368 ppm Zr 
(equiva lent to 0.03 and 2.08 wt% Zr0 2 respectively, fo r compari son with EDS data). Many 
rutile analyses show several thousand ppm Zr. Those rutiles without zircon Jamellae, and which 
are adjacent to a large zircon grain consistently contain around 450 ppm Zr, with a maximum of 
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504 ppm. In other ca cs, such as the rutile from sample 7628 0358 containing 2.08 wt% Zr02 
(Table 2.4), the rutile i. isolated from quartz and occurs as an inclusion in another phase such as 
sapphirine or cordicrite. A comparison between core and rim compositions (sample 7628 3362, 
Table 2.4) from a large rutile grain shows no detectable difference in Zr content. One pure 
analysis of a gra in from sample 7628 3350 with zircon inclusions was obtained, though most 
analyses of such grains inadvertently included the small zircon lamellae. Table 2.4 shows th i 
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Figure 2.13 LA-ICPMS analyses of)';apier Complex rutile. a) rutile from sample 7628 3372 with Zr-rich 
inclusions. Note the U and I If peaks that correspond to Zr peaks: b) rutile inclusion in sapphirine from sample 7628 
0358 (analysis given in Table 2.4). The high concentration of Zr found in this rutilc is not the result of zircon 
inclusions, as can be seen from the flat profile, unlike (a). The sharp dip at the end of the analysis. around t = 30 
seconds, represents the bo11om of the grain. where the laser has ablated through the entire thin section to the 
backing gla s. These analyses wae performed during difTercm essions. therefore the nm times (in seconds) for 
each arc slightly different. and analysis (a) did not include Si. Elements of high concentration. such as Ti in rutile. 
arc analysed using a reduced scnsitiviry so a not to O\Crwhelm the detector. This gi,cs the impression. in the 
prescmation of raw data. that Ti has a similar concentration to Zr in plot (b) above. 
The variation in Zr contents of rutilc relative to the textural association of rutile with 
other minerals such as zircon and quartz, is demonstrated in Figure 2.14, where those rutiles 
i olated from quartz conta in more Zr than tho c in close proximity. This diagram represents an 
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Figure 2. 14 Diagrammatic representation of the different textural relationships of rutile with other phases 
in Dallwitz Nunatak metapelites. representing a collage from several different samples. Rutile included in sapphirine 
contains the highest Zr concentrations, whilst rutile in quartz with associated zircon contains the lowest. Rutile 
separate from pre-existing zircon may contain small zircon inclusions. The numbers within or adjacent to the rutilc 
grains give a representative Zr concentration in ppm for rutile from each textural setting. Abbreviations in Appendix 
A. 
By applying the thermodynamic equil ibria derived above (equation 2.11 ), and using an 
X~ of 0.014, based on a maximum composition of2.08 wt% Zr02 in Dall witz tk ruti le at peak 
metamorphic conditions (from Table 2.4), it can be detennined that temperatures attained during 
granul ite facies metamorphism of the a pier Complex were up to I l 08°C, assuming a P of l 0 
kbar from the literature (e.g. Ellis, 1980; Harley et al., 1990). This is in agreement with 
independent temperature estimates from other recent studies (e.g. Harley and Motoyoshi, 2000; 
Hokada, 200 I). 
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Furthem10re, ana lysis of a rutile inclusion in cordierite gives the temperature at which 
the reaction: 
sapphirine + quartz -+ garnet + cordicrite + sillimanite (2.13) 
occurred in sample 7628 0358. This rutile would originally have been pre ent as an inclusion in 
sapphirine, similar to the example described above from Table 2.4. I lowever when reaction 
(2.13) progressed, the rutile was exposed to quartz and so re-equilibrated to the ambient conditions. 
As the product phases of this reaction grew around the rutile, it once again became isolated from 
quartz, so preserving that Zr content. From Table 2.4, this grain gives a temperature of I 060°C 
at IO kbar. Thi temperature matches the estab lished P-T conditions for sapphirine-quartz 





Figure 2.15 a) Pctrogcnetic grid of Hen en and Green ( 1973). showing the position of the reaction sapphirinc 
quanz = garnet ~ cordicritc - sillimanite in P-T space. Zr-rutile thennometry on a rutile inclusion found in 
cordierite produced by this reaction gives a temperature of I 060°C, at I 0 kbar; b) photomicrograph of sample 7628 
3350 showing reaction rims of garnl.!t and cordierite around sapphirine, isolating it from quanz. 
In comparison, the area scan data of rutiles with zircon inclusions (Table 2.3) gives a 
temperature of900°C, ba cd on an average rutilc composition of0.48 wt% Zr02. This temperature 
i not that of zircon formation, as the area scans represent the composition of rutile prior to Zr02 
exsolution. This cooling from peak metamorphi m, and subsequent exsolution of Zr02 from 
rutile can be further constrained. The remaining Zr in rutile, not including zircon inclusions, 
should give the minimum P-T conditions of formation of metamorphic zircon. This can then 
also be placed into context on a P-T-t path with appropriate U-Pb geochronology (see Chapter 
3). Rutile compo itions in grains with no small zircon inclusions. but in contact with larger 
zircon grains, have a range of Zr compo itions from 0.04 to 0.07 wt%, giving a temperature 
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range of 662°C to 705°C. Even if zircon formation occurred at the maximum temperature of 
- 700°C, \.Vi th continued Zr diffusion in rutile to lower temperatures, these are significantly lower 
grade conditions than those reached during peak metamorphism, when metamorphic zircon in 
these rocks was assumed by others to have formed. 
Thus, rutile compositions give four different temperanires that can be related to specific 
stages during the metamorphic histOJy of the metapelites of Dallwitz unatak. 1108°C is the 
maximum temperature obtained from the Zr contents of ruti le in these rocks. This is similar to 
previous estimates fo r peak metamorphism in the 'apier Complex. Slightly lower temperatures 
( l 060°C) define the conditions at which retrogression of sapphirine and quartz to fonn seconda1y 
cordierite took place. Those rutiles with the lowest Zr content are associated with large zircon 
grains, and have no zircon inclusions. These give a temperature of 662-705°C, constraining the 
position of zircon formation on a P-T path. The temperature of 900°C derived from area scan 
analyses, on the other hand, does not match any well defined petrologic or tectonic event in the 
history of these rocks. 
As described above, the large zircon gra ins associated with rutile nearly always contain 
a relic zircon core. The adjacent rutiles never contain the small oriented zircon inclusions. Both 
the rutiles with zircon inclusions and also those with large adjacent zircon grains are commonly 
seen in the one sample. within centimetres of each other. Therefore the formation of either of 
the rwo rutile-zircon textures is not dependent on structural or petrological differences within 
the outcrop from which the samples were taken. It is suggested here that the energy required to 
nucleate new zircon grains was too much to proceed unaided. Where a pre-existing den·ital 
zircon occurred near a rutile grain, the new zircon fonned from Zr02 exsolution from that rutile 
has nucleated around the adjacent zircon, which then forms the core seen in Fig. 2. l 2a. Where 
no relic zircon occurred near rutile, the new zircon remained as inclusions. Evidently, diffusion 
of Zr and nucleation of zircon are difficult, even at the high temperatures experienced by the 
lapier Complex. The temperature of 900°C obtained from area scans of rutiles with zircon 
inclusions may therefore represent a blocking temperature for the unassisted nucleation of new 
zircon in these rocks. 
This textural evidence for the extent of Zr diffusion in rutile at temperatures less than 
900°C also has possible implications for the constraint of closure temperanires for the Zr-rutile 
thennometer. Clearly, retrograde re-equilibration of rutile in the presence of qua1tz occurs to 
quire low temperatures, as seen by the minimum temperature of 662°C derived for a rutile adjacent 
zircon on Table 2.4. However for ruti les isolated from quartz, temperatures of up to l 108°C can 
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be obtained, and whilst such 111tiles are found a inclusions now they would, at the time of 
formation. have been in equilibrium \Vith the qua11z-rich matrix. 
figure 2.16 Graphical representations of the rutile-zircon-quartz equilibria described here from the 1apier 
Complex. a) ternary plot showing rhc three key rutile compositions gi' ing successively cooler temperatures throughout 
the history oft he '.'\apier Complex. from rutile wirh the maximum mca ured Zr ( 1108'C). to nnilc found as inclusions 
in cordierite (I 060°C). followed by the average of the area scans of inclusion-bearing rutiles sugge. tive of pervasive 
re-equilibration (900°C). to the Zr content ofrutilc associated with large zircon grains. constraining zircon growth 
(660-705°C): b) graphical representation of reaction (2.1 ). using rutile compositions from the :\apier Complex, 
with crossing tic-lines from %r-rntile + quartz going to low-%r rutile + zircon. 
Fig. 2. I 6a dcmonsn·ares the changing Zr02-Ti02-Si02 equilibria during cooling from 
peak temperatures in the Napier Complex. The conventional reaction-defining 'crossing tie-
1 ine 'are also shown (Fig. 2. I 6b), where Zr-rutile + quartz react to rutilc + zircon, as given in 
Reaction 2.1 of the experimental section. This reaction describes exactly the tcxnires developed 
during isobaric coo ling at Dallwitz unatak. The three temperatures discussed above, 
corresponding to different rutile compo itions, arc also shown relative to conventional 
metamorphic mineral equilibria (Fig. 2.17). Figures 2.16 and 2.17 clearly demonstrate the 
progre sion from high to low temperature and the resulting change in Zr02-Ti02-Si02 pha. e 
equilibria. 
To obtain metamorphic temperatures froir1 the Zr-content of ruti lcs, the examples from 
Dall witz Nunatak clearly show that a detailed P-T history can be constructed in relation to major 
phase equilibria, through the analysis of rutilc inclusions in peak metamorphic or secondary 
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Figure 2.17 Petrogenetic grid for high temperature pelites, after Hensen and Green (l 973), comparing local-scale zircoo-rutile equilibria with the bulk rock 
metamorphic equilibria throughout the cooling history of the Napier Complex. The red arrow shows the isobaric cool ing path, with numbered positions corresponding 
to stages of Zr-ruti lc equilibration described in the text. Stage l corresponds to peak metamorphism, with a temperature of 1108°C obtained from a rutile inclusion in 
sapphirinc. Stage 2 represents re-equilibration of rutile inclusions in sapphirinc during exposure toquartz from the reaction sapphirine + quartz = garnet + cordierite + 
sillirnanite at 1060°C. Stage 3 corresponds to re-equilibration and Zr02 exsolution from rutilc at - 900°C, while stage 4 relates to nucleation of new metamorphic 
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phase . Complete recrystalli arion to fom1 an equi librium high temperature assemblage in these 
quartz-bearing rocks thus isolates equi I ibrium ruti les from matrix quartz. Thus back reaction 
with coolin!! is prohibited and the peak rutilc is preserved. ln contrast, rutile in the quartz 
- ~!) 
matrix does re-equilibrate with decreasing temperature. This is exactly what is found in the 
1 apier Complex granulitcs. 
It can al o be predicted that progradc metamorphism in lower grade rerranes, in which 
the growth of porphyroblasts occurs, may preserve ruti les with a range of compositions showing 
a temperature increase. Each ruti le is succcs::: ivcly i. e lated from matrix quartz and zircon (e.g. 
in a garnet porphyrobla t) and hence they individually preserve, in the Zr content, the growth 
history and temperature of the host porphyrobla r. 
Rutile in eclogitefacies terranes: 
The Norwegian Caledo11ides 
fn Norwegian cclogites, zircon formed together with rutilc during the break down of 
ilmenite to fonn nttilc during eclogitisation of pre-existing granulites (Bingen er al. , 200 I). In 
this ca e Zr wa released from ilmenite to fo1111 zircon. This reaction seem contrary to that 
described above from the Napier Complex, as the zircon of Bingen el al. (200 I) formed from 
ilmenite breakdown to rutilc, and the exclusion of Zr from that rutile, rather than the involvement 
of rutile as the Zr-consurning phase. This is explained by the strong temperature dependence of 
Zr in rutilc. At higher temperatures the Zr would have pa11itioned into the rutile at the expense 
of zircon. However incc these eclogites fonned around 700°C, 18-21 kbar (Jamtveit et al. , 
1990), Zr i only at very low concentrations in rutilc and in a quartz-zircon bearing rock, fo1med 
zircon. No compositional dara are available for the rutiles of Bingen el al. (200 I), therefore the 
thermometer described in the pre ent paper cannot be used to define a temperature for zircon 
formation in their rocks. If the conditions of 700°C, - 20 kbar are correct, then these rutiles 
should contain - 220 ppm Zr. 
New Caledonian eclogi1es 
Ru tiles from mafic cclogite of the Poucbo tcrrane in 1ew Caledonia (Fig. 2.18) contain 
around 110 ppm Zr (Table 2.5). These rutiles formed in rocks that experienced a temperature of 
600°C. at 20 kbar (Clarke et al., 1997; Carson et al., 1999). The rocks contain glaucophane, 
omphacite, Ca-Na amphibole, epidote, garnet, as well as coexisting rutile, zircon and quartz 
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(Clarke et al., 1997). High pressure veins cross-cutting the main body of eclogites are composed 
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Figure 2.18 a) geological map of New Caledonia (adapted from Aitchison et al., 1995), see (b) for inset; 
b) simplified geology of the Pam Peninsula, showing metamorphic isograds (after Clarke et al., 1997; and Maurizot 
et al. , I 989; Spandler C, 2002, written communication). 
Using the rutile-zircon-quartz thermometer (equation 2.11 ), the New Caledonian rutiles 
give an average temperature of 645°C at an assumed pressure of 20 kbar (Table 2.5). The range 
of temperatures covered by all rutile analyses from these rocks is 591 to 693°C. The majority of 
the data in Table 2.5 suggest temperatures around 40°C higher than published estimates (i.e. 
600°C; Clarke et al., 1997; Carson et al., 1999). However a full range of temperature estimates 
for the Type 1 eclogites of the Pouebo Terrane is given in Table 5 of Clarke et al. (1997), where 
temperatures of up to 694°C are given (using the garnet-clinopyroxene thermometer of Ellis and 
Green, l 979). Therefore the data presented here are well within the range of previous estimates. 
This result bodes well for the applicability of this new thermometer in low temperature terranes. 
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Table 2.5 Rutilc compositions from eclogitc and cclogite facies veins from New Caledonia. with 
temperatures derived from equation (2.11) in the text. Assumed pressure is 20 kbar (after Carson et al., 1999). 
Data collected by Carl Spandlcr. 
Lithology Zr (ppm) Wt% Zr02 XRt Zr T(°C) 
mafi.c eclogite 214 0.02893 0.000188 693 
107 0.01450 0.000094 643 
64 0.00859 0.000056 608 
106 0.01435 0.000093 642 
110 0.01492 0.000097 644 
136 0.0 1845 0.000120 659 
111 0.01504 0.000098 645 
188 0.02539 0.000165 683 
48 0.00654 0.000042 591 
A,·erage temperature.for eclogites: 645 
eclogite facies 73 0.00985 0.000064 617 
veins 69 0.00933 0.000061 6 13 
72 0.00979 0.000064 61.6 
65 0.00878 0.000057 609 
109 0.01476 0.000096 644 
130 0.01751 0.000114 656 
Average temperature.for veins: 626 
Rutife.from the Broken Iliff afbitites 
In the Willyama Complex, Broken I lilt , Austral ia, rut ile occurs in a metamorphosed 
albitite (Fig. 2.19). Metamorphic temperarures of up to 800°C and 5-6 kbar arc reported for the 
southern Broken I till Block (Phill ips and Wall , 1981 ), where the albititc sample discussed here 
was collected by Sarah O'Callaghan (O'Ca llaghan. 2002). This is a lower pressure environment 
than other examples discussed in th is chapter, providing a broad range of settings in which to 
test the applicabili ty of the Zr-rutile thermometer. The albitites contain al bite, quartz and pyrite 
a. the major phases, with accessory biotite, muscovite, si llimanite, rutile, zircon, monazite and 
xenotime. 
Rutiles from an albitite at Pine Ridge (Fig. 2.19) contain 855 ppm Zr on average (Table 
2.6). This composition gives a temperature of 723°C, at an assumed pressure of 6 kbar. The 
entire range of temperatures given by all ind ividua l rutile analyses for th is sample is 699-746°C, 
and is significant ly lower than that suggested by Phillips and Wa ll (1981) to represent peak 
metamorphic conditions in th is area. As the rnti les sampled by O'Callaghan (2002) all occur in 
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the presence of quartz, the temperature given on Table 2.6 most likely represent cooling after 
the peak of metamorph ism as the rutiles underwent re-equilibrat ion. 
D 
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Figure 2.1 9 Location of the Broken Hill Block in southern Australia. and the metamorphosed albitites 
studied by o·callaghan (200 I). After Haydon and McConarchy ( 1987) and Brown et al., ( 1983). 
Table 2.6 Rutile compositions from a granulite facies albitite from the Broken I lill Block, Australia, with 
temperatures derived from equation (2.11 ). Assumed pressure is 6 kbar (after Phillips and Wall, 1981 ). 
Zr (ppm) Wt% Zr02 XRl Zr T(°C) 
850 0.11485 0.00075 724 
736 0.09946 0.00065 7 11 
639 0.08642 0.00056 699 
1083 0.14645 0.00095 746 
1084 0.14658 0.00095 746 
793 0. 107 16 0.00070 7 18 
963 0.13013 0.00084 735 
661 0.08933 0.00058 702 
747 0.10098 0.00066 713 
981 0.13255 0.00086 737 
Jn all of the examples d iscussed above, the Zr-rutil e them1omcter gives simi lar results to 
other temperature estimates published fo r each tcrrane, determi ned using more conventional 
techniques. Jn a comparison between different thermometers however, one must consider the 
behaviour of the different clements and hence the differences in closure temperature for each 
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system. At lower temperarures (-600-700°C), retrograde Zr diffusion and re-equ ilibration of 
ruti le does not eem to have occurred. These rocks show a good correlation between conventional 
and Zr-rutile thermometry. In rocks that have experienced very high temperature conditions (up 
to 1100°C) such as the Napier Complex, a wide range of temperature estimates were obtained 
using the Zr-ruti le thermometer, depending on the textural relationship of each ruti le quartz. ln 
such rocks conventional Fe-Mg thermometry also gives a cool ing temperarure, whilst published 
e ti mates of> l l 00°C have been obtained indirectly (e.g. I Carley and Motoyoshi, 2000). Hence, 
despite the large degree of retrograde re-equilibration of rutile in the ap ier Complex, those 
gra ins that are protected from quartz as inclusions in other minera ls maintain their peak 
metamorphic composition. Analys is of these rutiles gives a direct measure of the temperature, 
without having to resort to a complicated process of temperature inference from a variety of 
other factors. 
Implications fo r Zircon Equilibria 
Reaction (2.2) and equation (2. 11) can be used as a predictive model for the formation 
and re orption of zircon for different rock compositions, based solely on the Zr composition of 
rutile (Table 2.7). A few simple calculation for a typical crustal bulk rock composition (e.g. 
65.0 wt% Si02, 0.5 wt% Ti02 and 200 ppm Zr02) show that at 5 kbar, an increase in temperature 
from 500°C to 800°C wi ll resu lt in nearly 1.5 wt% zircon resorption. Thi. figure increases 
dramatically above 800°C, such that at 900°C over I 0 wt% of pre-existing zircon would be 
resorbed as the Zr content of rutile increases. Based on these calculation for resorption of 
zircon coexisting with rutile, it is proposed here that in most bulk rock compositions it is very 
difficult to form zircon during typical, solid-state prograde metamorphism. In fact, it is far more 
likely that pre-existing zircon (e.g . dctrital grains in a metapelite) will be resorbed as rutile 
forms and accommodates Zr. Most new metamorphic zircon growth would therefore on ly occur 
during retrograde cooling, and the isotopic ana lysis of metamorphic zircon in a rutile-rich rock 
cannot date the timing of peak metamorphi. m. It is important to note al o, that the example 
calculations given in Table 2.7 do not consider mineral equil ibria for phases such as garnet, 
clinopyroxene, ilmenite which also accommodate significant amount of Zr. 
Using the data from Table 2. 7, contours of the wt% zircon resorption during prograde 
metamorphism can be depicted in P-T space (F ig. 2.20). From this it can be seen that not on ly 
will heating cause zircon resorption related to changing rutile composition, but isothermal 
decompression may also have the same effect. This contrasts sharply with previous work 
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(Degeling et al .. 200 I). which demonstrated the formation of zircon from garnet breakdown 
during decompress ion in southwestern 1 orway. Thus in a ruti le-bearing rock, zircon continues 
to be resorbed during upli ft, while in a garnet-bearing rock, Zr is released. In other words, 
different li thologies, even in one outcrop, will produce different zircon populations and ages. 
umerous other minera l equil ibria may also have a dramatic effect on zircon stability. Knowing 
the textural context of each zircon population during geochronological analysis i vital in terms 
of relat ing the growth of that zircon to different metamorphic processes. 
Table 2. 7 Calculated amounts of zircon rcsorbed with increasing temperature in a typical rutile-bearing 
crustal rock of composition 65 .0 wt% SiO~ , 0.50 wt% Ti02 and 0.03 wt% Zr02 (which is equivalent to 200 ppm 
Zr02). 0.03 wt% Zr02 is equal to 0.04 wt% zircon. These calculations begin by assuming all Zr02 in the rock is 
present to begin with as dctrital zircon. Rearranging the thennodynamic calculations outlined in the text. the 
amount of Zr in rutile at each temperature can be calculated. This leads to calculation of the \vto/o zircon remaining 
in the rock as temperature increases and rutile begins to accommodate Zr. From this the amount of zircon re orption 
"ith prograde metamorphism can be quantified. This number will vary significantly depending on bulk rock 
composition. 
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Wt% Zr02 in rutile Wt% zircon in rock Wt% original zircon resorbed 
0.00003 0.04463 0.00054 
0.00057 0.04462 0.00957 
0.00487 0.04459 0.08112 
0.02528 0.04444 0.42134 
0.09357 0.04393 1.55957 
0.27127 0.0426 1 4.52 11 6 
0.65535 0.03975 10.92242 
1.37640 0.03439 22.94003 
2.58913 0.02537 43.15524 
4.45686 0.01148 74.28097 
0.00002 0.04463 0.00028 
0.00033 0.04463 0.00545 
0.00298 0.04461 0.04969 
0.01638 0.04451 0.27301 
0.06340 0.04416 1.05670 
0.19063 0.04321 3.17711 
0.47476 0.04110 7.91273 
1.02338 0.03702 17.05633 
1.96912 0.02998 32.81874 
3.45840 0.0 1890 57.63995 
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figu re 2.20 Isopleth diagram in P-T space sho\\ing the wt% re 'orption of zircon during prograde 
metamorphism of a typical crustal rock. 
Conclusions 
This chapter has shown, experimentally and for narural rock data from a wide range of 
metamorphic grade , that a olid solution between Ti02 and Zr02 exists in ruti le. During cooling 
from peak metamorphic conditions, it is po sible for zircon to form in quartz-saturated 
environments, as shown from the intimate as ociation between rutile and zircon in the Napier 
Complex, East Antarctica. Observation of such textures and the constra int of specific P-T 
conditions on their formation from a se1ies of experiments places more accurate constraints on 
zircon formation in high-grade terranes than previously possible. 
Experimental work show a strong correlation between temperature, pressure and the Zr 
content of rutile. This enables the description ofthem1obarometric constraints on x~;, and the 
development of a new thermometer based on the Zr content of ruti le in the presence of zircon 
and quartz, which buffer the system with respect to Zr02 and Si02. This is an extremely useful 
thermometer for all rock type , and especially at ultra-high temperatures given the generally 
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slow diffusion rates of Zr under most metamorphic conditions. The closure temperature can 
therefore be expected to be very high, preserving more of the peak metamorphic history of a 
rock than more conventional Fe-Mg based geotherrnometers. The work here also shows that 
zircon formation is far more likely during retrograde processes, such as cooling, than during 
prograde metamorphism. Indeed, increasing temperature is more likely to result in zircon 
re orption for mo t rock compositions than otherwise. 
The bulk composition of a rock will al o influence zircon equilibria. A Ti-rich rock, with 
more rutile, will resorb rnore zircon than a Ti-poor rock at the same pressure and temperature 
conditions. Therefore the appropriate rock type can be selected depending on the aim of the 
study. A quartzo-fcld pathic rock with little or no rntile wi ll contain more information about the 
pre-metamorphic or prograde history of the rock, a very little zircon will have been resorbed. 
The zircon from a Ti-rich pelitic rock, on the other hand, will reveal more about the retrograde 
cooling and/or decompression path after peak metamorphism, given that a large proportion of 
the pre-existing zircon wou ld have been consumed, but significant new zircon growth would 
have occun-ed during cooling, as at Dallwitz unatak. 
For the first time, the work presented in this chapter places direct temperature and pressure 
constraints on zircon formation. with a well defined zircon-forming reaction, clear metamorphic 
textures and an experin1entally based thermodynamic expression for the derivation of PT 
conditions. 
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Chapter 3: 
Age constraints on zircon formation during isobaric 
cooling in the Napier Complex, Antarctica 
introduction 
Isotopic dating of metamorphic terranes is complicated and difficult to interpret. Multiple 
age populations are common, and the relationships between radiogen ic minerals such as zircon, 
and facies-detining minera ls such as garnet are rarely determined. This results in poor temporal 
constraint on othenvise well defined metamorphic processes. Much of the geochronology in these 
complex ten-anes is dependent on magmatic ages from plutons, dykes and other intrusions that 
cross cut relevant metamorphic suites, thereby giving a minimum or maximum age. Oetrital zircons 
in metamorphosed sediments can simi larly give an upper limit to age populations. U-Pb ages can 
be obtained from metamorphic zircon in these rocks, however exactly what stage in a metamorphic 
cycle that age represents, or even which metamorphic event in a polymetamorph ic rock, is generally 
undefined. A common assumption is that these record the tim ing of peak metamorph ism (e.g. 
Kroner, 1995). With the continual improvement and increasing use of different geochronological 
techn iques, it is impo1tant to constrain all these unknowns. To this end, we must understand the 
behaviour of zircon in metamorphic systems, and the influence of rock-forming mineral equ il ibria 
on accessory phases. 
Jn the previous chapter the zircon-fanning reaction was studied: 
Zr-ruti le + quartz ~ zircon + ruti le (3.1) 
This was shown to be directly applicable to zircon fom1ation during isobaric cooling of the a pier 
Complex, East Antarctica. Thermobarometric constraints of700°C, 10 kbar were applied to zircon 
grains formed via th is reaction, and so the timing of their growth has been established relative to 
the apier Complex P-T path as a whole. 
This chapter presents in situ U-Pb and Pb-Pb isotopic ana lysis of zircons produced by the 
above reactions. In combination w ith data presented in Chapter 2, th is resu lts in both absolute as 
well as relative time constraints on zircon growth in a metamorph ic rock. Age constraints on 
specific points of a P-T path can therefore be achieved. 62 
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Conventional zircon geochronology has been performed extensively on the 1 a pier Complex 
in the past (e.g. Black et al. , 1986; ( larlcy and Black, 1997). Jn all cases, analyses were performed 
on mineral separates with no textural constraint on the relationship of individual zircon grains to 
other minerals in the rock. 
The regional geology of the lapier Complex has been described in Chapter 2. However, 
some of the pioneering work on i11 situ isotopic analysis of zircon using SHRIM P was perfom1ed 
on polymetamorphic rocks from Enderby Land (e.g. Black et al. , 1986). Therefore a great deal of 
information is availab le in the literature on U-Pb and Pb-Pb ages of zircon in the lapier Complex, 
and is summarised below. 
The Napier Complex largely comprises chamockites, and ortho and paragneisses, which 
have been metamorpho ed to as high as 1100°C and I 0 kbars (Harley and Motoyoshi, 2000; Hokada, 
200 I; Chapter2, this study). The timing of this ultra-high temperature (UI IT) event in both absolute 
ten11s and also relative to other tectonothcrmal events is much debated in the literature. Structural ly, 
it i. generally agreed that at least three generations of defom1ation can be identified (e.g. Black et 
al. , I 983a; Sheraton et al., 1987). Most authors pair the UHT metamorphism with 0 1 (e.g. Sheraton 
e1 al. , 1980, 1987: Black and James. 1983: Sandiford and Wilson, 1984), although Harley and 
Black ( 1997) suggest that it occurred in conjunction with D') . D. is unanimously described as 
- .) 
lower temperature (upper amphibolite to lower granulite facies; e.g. Black et al. , 1983a,b) and 
s lightly lower pressure (- 650°C, 7kbar). 
Relating the c event to an absolute timescale is more difficult. Postulated U-Pb zircon 
ages for M1 range from 3070 Ma (Sheraton and Black, 1983: McCulloch and Black, 1984), to 2948 
Ma (Black et al., 1986) to a late as - 2400-2500 Ma (Grew and Manton, 1979; DePaolo et al. , 
1982; Sandiford and Wit. on, 1984; Asami et al., 1998; Carson et al. , 2002). The age of M2, either 
as a slightly lower temperature granulitc facies metamorphism or as the ultra high temperature 
event has been estimated at 2900 Ma (Black and James, 1983; Black et al., 1986; Sheraton et al. , 
1987), or 2840 Ma (I larlcy and Black. 1997). The third tectonothermal event (0 3-M3) is generally 
agreed to have occurred around 2480-2450 Ma (Black et al., 1986; Sheraton et al., 1987; I rarley 
and Black, 1997), however thi is very close to the age given for ultra high temperature metamorphism 
by Grew and Manton ( 1979), DePaolo et al. , ( 1982) and Sandiford and Wilson ( 1984). Very late 
stage localised rccrystal I isation and deformation also occurred at - I I 00 Ma. associated with 
juxtaposition of the adjacent Rayner Complex (e.g. Black et al., 1984; I Iarley el al., 1990). 
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From the disparity in ages ascribed to these different metamorphic events it is evident that 
the exact relationship between generations of zircon growth and specific stages of metamorphism 
in these rocks has not been properly constrained. There is no question that rocks of the apier 
Complex reached extremely high temperatures, and also experienced a complex polymetamorphic 
history. Relating zircon isotopic ages to specific P-T conditions in th is terrane will help to resolve 
the dispute over the timing of UIIT metamorphism. 
The sample discussed in th is chapter (sample 7628 3362) is a granu li te facies metasediment 
from Dallwitz runatak in the Tula Mountains (originally described in the literature as Spot Height 
945), shown on f igure 2.1 1 (Chapter 2). The outcrop consists mainly of gently dipping, banded 
metasediments, grading upwards into mass ive orthopyroxene-quartz-feldspar gneiss. The 
metascdiments contain the general assemblage garnet-quartz-feldspar-sapphirine (Ellis et al., l 980). 
lnterlayered with the metasediments are mafic granulites, quartzites and felsic gneisses. This outcrop 
is also the source for the fi rst published occurrence of the high temperature assemblage sapphirine 
+ quartz (Dallwitz, 1968). Sample 7628 3362 has the primary assemblage garnet-sapphirine-quartz-
feldspar-ruti le-zircon, together with secondary cordierite. Zircon is distributed throughout the matrix, 
and also occurs in intimate association with rutile as shown on Figure 2. J 2 (Chapter 2). Where no 
zircon is observed nearby, rutile commonly displays$ lµm-scale lamellar zircon inclusions (Fig. 
2. I 2d). Chapter 2 showed that the Zr content of rutile increases with increasing temperature, and 
that the rutile-zircon textures obse1ved in metapelites of the apier Complex are likely to be the 
result of cooling from high temperature (- 1 I 00°C), and therefore high Zr-ruti le compositions. With 
Zr02 (baddeleyite) unstable in the presence of quartz, zircon is fo1med, as demonstrated by reaction 
(3.1 ). These zircons are the focus of geochronological ana lysis in this section. 
Methods 
Zircon U-Pb and Pb-Pb ages for rapier Complex sample 7628 3362 were measured using 
the SHRJ MP II Sensitive High Resolution Ion M icroprobe at the Research School of Ea 1t h Sciences, 
A U. Analyses were performed in situ on small ch ips of thin section containing exposed zircon 
with the appropriate textural relationships. Polished th in sections were first prepared with 'Crystal 
Bond', a soft, low-melting point adhesive. Selected areas of the section, generally <1 mm in diameter, 
were then isolated by excavating a shallow channel around them with a sewing needle. The adhesive 
was then melted by placing the th in section on a hot plate and the selected chip removed. Up to 40 
such chips were then mounted in resin along with standard zircons SL 13 (U = 238 ppm) and 'Temora ' 
(radiogenic 206Pbf238U = 0.0668), and lightly polished (Fig. 3.1 ). 
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Figu re 3. 1 Transmitted light photomicrograph of the SllRlM P moun1 for sample 7628 3362. Each small chip of 
polished thin section contains at least one. and up to eight zircons appropriate for dating. These zircons were selected 
based on their textural context; either in intimate association with rutilc or as solitary grains in the matrix. Standard 
zircons 'Tcmora ·and SL 13 were mounted with the chips of thin section. but arc not shown above. 
Two mounts of thin section chips were made, the first targeting zircon in association with 
rutile and the second targeting zircon in the sample matrix. All zircons were imaged using SEM 
cathodoluminescence (CL) to determine their internal structure and the nature of any compositional 
zoning. The samples were then analysed for U, Th and Pb by SHRIMP using a I 0 µm diameter o; 
primary beam. Instrumental conditions and analysis procedures were similar to those described by 
Williams et al. ( 1996). Reference zircon Temora was analysed once for every three sample analyses. 
The common Pb correction for apier Complex zircons was calculated assuming an initial radiogenic 
Pb source of 3300 Ma, whi 1st common Pb in standard zircons was corrected using 204Pb, 207Pb or 
208 Pb, a suming that Pb to be laboratory-derived and of Broken I !ill ga lena composition. Ages 
were calculated using the constants recommended by the lUGS Subcommission on Geochronology 
(Steiger and Jager, 1977). Uncertainties in mean ages arc cited a 95% confidence limits (rcr, where 
tis 'Student' t'). 
Additional trace element data were obtained using LA-ICPMS, following the methods 
outlined in Appendix C, and employing Si02 and Zr02 as internal standards for zircon, and Ti02 
for rutile, derived from electron probe analyses. A BCR standard glass was used in addition to 
I ST 612, for better calibration of Ti02. 
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Isotopic and trace element chemistry of Napier Complex zircons 
Zircon from sample 7628 3362 falls into four distinct goups; dctrital zircon (Type I) , 
recrystallised detrital zircon (Type JI), metamorphic zircon in the matrix minerals (Type IIJ), and 
metamorphic zircon directly adjacent to rutile (Type IV). Each type of zircon has a unique internal 
zonation pattern and trace clement and isotopic composition. 
Type I: Detrital zircon 
The first group of zircons described here from the apier Complex exhibit internal oscillatory 
(magmatic?) zonation and arc distributed throughout the matrix with no pa11icular association with 
other mineral phases. They occur in thin section chips from both mounts made for this study. Type 
I grains are interpreted to have a detrital origin in the Dallwitz unatak metapelites. Most Type I 
zircons are surrounded by a metamorphic rim (corresponding to zircon Types JI or Ill, described 
below), which truncates the pre-existing cuhedral zonation (Fig. 3.2a). 
Eleven Type f grains were analysed from sample 7628 3362 (Table 3.1 ). The U content of 
these grains ranges from 48 to 783 ppm, and the main spread of Th/U values is between 0.54 to 
0.67. An additional three grains have a Th/U of 1.25-1.54. and one other i a distinct outlier at 0.06. 
This range in values is consistent with Type I grains originating as sediment from a number of 
different source rocks. Their 207Pb/2°6Pb apparent ages range from - 3.0 to - 3.3 Ga. Loosely 
clustered analyses appear to define age populations at - 3.1 and - 3.3 Ga (Fig. 3.3). This probably 
reflects the contribution of sediment from a number of different igneous source regions in the 
original pelite. Almost a ll Type J analyses arc concordant or nearly so. One analysis from the - 3.3 
Ga group has a very large uncertainty in 23 U/206Pb, with the result that a realistic assessment of its 
concordance is impos iblc (Fig. 3.3). 
Type JI: Rec1ystallised detrital zircon 
Type 11 grains display indistinct or blurred osci llatory zoning and/or a heterogeneous CL 
signal (Fig. 3.2b). These grains are interpreted to have undergone solid-state rec1ystallisation during 
metamorphism (e.g. I loskin and Black, 2000) and are distributed throughout both mounts of thin 
section chips. The U contents of these zircons arc higher in general than Type I grains ( 176 - 933 
ppm). Th/U is variable, from 0.07 to 0.99. The range of207Pb/2°6Pb apparent ages from recrystallised 
grains is large (- 2.5 to - 2.9 Ga), with ana lyses clustered around c2530, c2770 and c2870 Ma 
(Table 3.1 ). They arc general ly younger than Typer grains. The c2530 Ma group are all concordant 
within analytica l uncertainty, wh ilst the older recrystal lised grains show a range of degrees of 
di cordance, up to 8 % (Fig. 3.3). 
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Figure 3.2 CL images of zircon from sample Enderby Land sample 7628 3362. a) typical detrital grain with well 
defined oscillatory zoning and possibly a very thin metamorphic rim; b) zircon grain in the matrix showing 
heterogeneous CL signal with no clear zonation pattern, which is interpreted as recrystallisation of a pre-existing grain; 
c) metamorphic zircon found in the matrix of sample 7628 3362, unassociated with rutile. This grain appears to 
contain a partially recrystallised magmatic core; d-f) zircon associated with rutile, all showing a pre-existing magmatic 
core, and metamorphic rim 'bridging' to the adjacent rutile. 
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Table 3.1 U- Pb SI IRIMP ana lyses for sample 7628 3362, from Dallwitr Nunatak, Enderby Land. 
Appa rent Age (M a) I~~ Analysis lk~cription U (ppm) Th (1>p rn) Th/U 206Pb/20~ Pb 207Pb/20bPb* 211~Pb/mU* 201Pb/mU* 207pb/206pb 206pb/2.lXU zo1Pb/mu 
1.\'fJe I: Detrital ::in·tm 
Cl.I core 194 119 0.61 4912 0.2735 • 0.005 0.6840 t 0.0 13 25. 7940 i 0.684 3326 ± 27 3360 48 3339 .l: 26 
Cl.2 core 48 26 0.54 5863 0.2631 :1 0.006 0.6389 . 0.023 23.1786 ~ 1.059 3266 ± 37 3185 91 3235 - 45 
Cll.3 core 218 129 0.59 7284 0.2739 'i 0.005 0.6549 .!. 0.012 24.7363 0.662 3329 -:; 27 3248 'i 47 3298 + 26 
Cl4.I core 145 145 1.54 3549 0.2718 ± 0.004 0. 7252 ± 0.024 27.1815 t. 1.050 3317 j: 24 3516 :t 91 3390 + 38 
C26.I core 554 34 0.06 9611 0.2245 ·~ 0.007 0.6222 • 0.017 19.2557 0.833 3013 ± 49 3119 ~ 67 3055 ± 42 
C41.I core 178 222 1.25 7368 0.2568 .i 0.008 0.6896 ± 0.0 17 24.4141 t 1.025 3227 ± 50 3381 ! 63 3285 ± 41 
N6.I core 96 64 0.67 79302 0.2437 i 0.008 0.6 178 i 0.023 20. 7553 f 1.091 3 144 ± 53 3101 f 90 3127 .i SI 
Nl3.I core 490 316 0.64 10353 0.2366 ± 0.002 0.5855 i 0.0 I 0 19. 1034 j 0.378 3098 i 14 297 1 ± 40 3047 ± 19 
N29.I core 783 520 0.66 7802 0.2612 i 0.005 0.6538 ± 0.017 23.5504 j 0.823 3254 0 1 3243 } 67 3250 i 34 
N35.2 core 98 53 0.54 1982 0.2625 ± 0.008 0.5919 ± 0.060 21.42 11 ± 2.348 3262 ± 49 2997 t 243 3 158 i 107 
N38.I core 531 713 1.34 50098 0.2350 .i 0.003 0.6103 ± 0.012 19.7765 -t 0.510 3087 :l 22 3071 ± 49 3081 ± 25 
Type//· Rea:1·walliwcl dt>triwl ::irco11 
C2.I recryi;talhscd 559 117 0.21 17638 0.1891 ± 0.010 0.5220 ± 0.018 13.6079 0.931 2734 ± 91 2708 76 2723 ... 65 
C4.I reel') ~tall isccl 182 80 0.44 5599 0.2058 :I: 0.006 0.5073 r 0.011 14.3909 "' 0.542 2872 ± 46 2645 • 47 2776 :r 36 
C9.I rccrystall 1scd 165 89 0.54 6612 0.1894 ± 0.012 0.4828 . 0.01 1 12.6108 0.898 2737 ± 106 2540 r 49 2651 :r 67 
CIO.I rccryi;rall i~cd 497 57 0.11 62181 0.1930 i 0.006 0.4842 ± 0.010 I 2.8825 ± 0.529 2768 i 54 2545 t 45 2671 :t 39 
C21.I r..:crystalli$cd 279 94 0.34 7733 0.1677 :t 0.002 0.4776 ± 0.012 11.0467 i 0.327 2535 :t 23 25 17 t 51 2527 ::- 28 
C25.I recrystallised 360 333 0.93 7338 0.1691 i 0.004 0.4720 .i 0.009 11.0064 ± 0.372 2549 :I: 43 2493 .!: 39 2524 ± 32 
C30. I recrystallised 209 49 0.23 5134 0.205 1 J: 0.012 0.5628 J.: 0.021 15.9 137 l 1.173 2867 ± 95 2878 t 89 2872 ± 7 1 
C35.I r..:crystallised 595 142 0.24 9621 0.2011 :.t 0.004 0.5607 ± 0.0 I 0 15.5472 ± 0.444 2835 ± 32 2870 1 43 2849 ± 27 
C36.I rccrys1a II iscd 33 1 41 0.12 4955 0.1856 .I 0.008 0.5695 + 0.026 14.57 19 .l:: 0.970 2704 ± 70 2906 i 108 2788 ± 63 i C40.I recrystallised 598 39 0.07 6970 0.2043 i 0.0 I 0 0.5460 ± 0.027 15.3796 + I. 147 2861 ± 80 2808 .. 114 2839 :1 71 M7.I rccry:>talliscd 595 165 0.28 12185 0.1836 ± 0.016 0.4812 i 0.012 12.1832 ± 1.163 2686 ± 148 2533 • 52 2617 .i. 90 
Ml I.I recrystallised 933 187 0.20 30794 0.1705 ~ 0.001 0.4708 :t 0.005 11.0655 t 0. I 45 2562 .:1: 13 2487 20 2529 ., 12 
M22.I reel) stalliscd 206 99 0.48 3227 0.2001 :t 0.015 0.5183 ± 0.015 14.2963 ~ 1.219 2827 :: 125 2692 ± 65 2770 - 81 
N 18.5 recrystallised 494 87 0. 18 24787 0.1994 i 0.008 0.5249 ± 0.008 14.4307 .... 0.636 2821 J: 65 2820 + 33 2779 ~ 42 
-Nl8.4 rcc11•stalliscd 616 230 0.37 27436 0.1939 :t 0 .003 0.4936 :t 0.008 13.1946 r 0.307 2776 ± 24 2586 :i 35 2694 ± 22 ~ :-: 
N21.I rccrysialliscd 276 273 0.99 3054 0.2070 ~ O.OD 0.5174-i: 0.018 14.7674 .i 1.107 2882 .!: 101 2688 i 77 2800 ± 71 ~ 
N22.I recrystallised 176 55 0.3 1 14842 0.1952 ± 0.004 0.5545 ± 0.015 14.9267 ± 0.542 2787 ± 33 2844 ± 63 28 11 ± 35 (1;) ~ 
N26.I recrystallised 756 615 0.81 7866 0.1723 :i U.003 0.4788 ..l 0.011 11.3775 i 0.328 2580 ± 24 25221 48 2555 1 27 () ::::-
N3 1. I recrystallised 384 244 0.64 2403 0.2149 ± 0.009 0.5139 ± 0.019 15.2282 } 0.920 2943 ± 70 2673 1 82 2830 + 58 ~ 
•Corrected for common Pb using ZO-lpb and a Pb composition assuming 3300Ma protolith age. All unccnaimics arc lo. 5 
°' 
-Co ~ 
Table 3.1 continued Apparent Age (Ma) r Anal}•sis DcscriEtion U {Ep1n~ Th{EEm) Th U w"Pb ':1o.t Pb ~01Pb '20"Pb• :•11opb '2"U• ~"1Pb'H'u• 207Pb '2116Pb :""'Pbl2i.U :o· Pb ~'~u . 7)·pe 111: Meu1111m7Jhic :zircon in ma1rix 111inerals 
" 
Ml.I rim 393 104 0.26 3388 0.1581 ± 0.002 0.4694 t 0.007 10.2335 - 0.207 2436 :± 21 2481 i: 30 2456 19 
M3.I ri111 683 307 0.45 14276 0.1843 j_ 0.005 0.5009 0.003 12. 7304 0.368 2692 :i 45 2618 A 15 2660 27 
M4.I rim 578 69 0.12 10075 0.1755 :t 0.006 0.4902 t 0.009 11.8626 ± 0.495 2611 ± 58 2572 t 41 2594 39 
M6.I rim 958 195 0.20 32740 0. 1649 ± 0.002 0.4819 _.. 0.006 10.9538 ± 0.224 2506 ± 25 2535 i 26 25 19 . 19 
M8.I rim 526 132 0.25 14548 0.1648 :l 0.003 0.4673 t 0.005 I 0.6206 ± 0.229 2506 ± 29 2472 I 23 2491 ± 20 
MI0.2 rim 5 17 I 18 0.23 1470 1 0. 1623 ± 0.00 I 0.4617 .i 0.006 I 0.3307 ± 0. 152 2480 ± 9 2447 ± 27 2465 ± 14 
Ml 1.2 rim 555 127 0.23 16260 0.1595 ± 0.00 I 0.4632 i: 0.005 10.1863 ± 0. 141 2451 ± 10 2454 f 24 2452 I 13 
Ml 2. I rim 883 169 0. 19 17456 0. 1652 ± 0.00 I 0.4559 t 0.004 I 0.3842 ± 0. 123 2510 1 13 242 1 ± 16 2470 f 11 
M12.2 /'/Ill 1052 15 1 0. 14 76693 0.1633 ± 0.001 0.4599 i 0.007 I 0.3537 ± 0.187 2490 ± 12 2439 :l 32 2467 I 17 
Ml6.I rim 620 73 0.12 4084 0. 1695 ± 0.003 0.4808 I 0.007 I 1.2355 ± 0.302 2552 ± 34 253 1 ± 32 2543 J 25 
M17.I rim 552 77 0.14 16482 0.1592 ± 0.001 0.4492 ~ 0.006 9.8576 ± 0.149 2447 ± I I 2392 ± 26 2422 1 14 
MIS.I rim 562 198 0.35 239 18 0.1694 ± 0.001 0.4936 :± 0.008 I 1.5285 ± 0.2 14 2552 ± 12 2586 ;- 34 2567 1 17 
M20.I rim 395 168 0.43 23620 0.1622 ± 0.001 0.4431 i 0.009 9.9112 ± 0.210 2479 ± 10 2364 .i 39 2427 l: 20 
M21. I rim 529 154 0.29 1306 0.1597 ± 0.002 0.4363 0.005 9.6075 :l 0.157 2453 ± 18 2334 . 22 2398 t 15 
M24.I rim 670 85 0.13 12560 0.1629 i 0.002 0.4723 ~ 0.007 I 0.6069 1 0.207 2486 ± 20 2494 29 2489 :f 18 
M33.2 rim 1695 100 0.06 75540 0.1720 ::- 0.002 0.5158 • 0.004 12.2322 ± 0.175 2577 ± 18 2681 i 18 2622 j 14 
M34b.I rim 698 327 0.47 27119 0.1753 ± 0.004 0.4914 t 0.007 I 1.8780 -± 0.314 2609 + 35 2577 t 29 2595 ± 25 
M35.I rim 594 166 0.28 17020 0.1652 ± 0.001 0.4664 .. 0.005 10.6230 0.158 2510 ± 14 2468 ± 24 2491 :f 14 
M36.I rim 570 156 0.27 18213 0.1621 1 0.001 0.4670 ± 0.005 10.4392 ± 0.140 2478 ± I I 2471 ± 22 2475 t 12 
C38.I rim 89 1 566 O.IH 39324 0.1865 ± 0.005 0.5385 i 0.007 13.8426 ± 0.423 2711 ± 43 2777 ~ 29 2739 + 29 ~ 
M38.I ri111 599 I 5(, 0.26 19406 0.1618 ± 0.001 0.4680 • 0.008 I 0.4373 ± 0.197 2474 ± 10 2475 .t 35 2474 J 17 
M39.J rim 349 236 0.68 27304 0.1613 ± 0.001 0.4636 0.005 10.3113 ± 0.145 2469 ± 11 2456 ± 24 2463 t 13 
M40.2 rim 1022 89 0.09 30007 0.1615 ± 0.002 0.4733 0.006 10.5360 i 0.189 2471 J: 20 2498 ± 25 2483 .!.. 17 
M41.I rim 588 75 0. 13 8037 0.1825 ± 0.005 0.5089 t 0.0 I I I 2.80 14 1 0.463 2675 ± 43 2652 ± 49 2665 t 34 
M42.I core 916 506 0.55 13289 0. I 730 ± 0.004 0.4725 ~ 0.007 11 .2694 ± 0.328 2587 J: 39 2495 ± 30 2546 i 27 --~ )..; 
M44.I rim 635 108 0. 17 1046 1 0. 1618 ± 0.003 0.463 1 t 0.008 I 0.3336 ± 0.294 2475 ± 34 2453 ± 36 2465 I 26 C') 
N38.2 rim 749 13 1 0.17 5477 0. I 635 ± 0.002 0.479 1 t 0.014 10.7980 ± 0.375 2492 ± 25 
~ 
2524 ± 62 2506 J 32 ::) () 




--\Q •Corrected for common Pb using 2°"Pb and a Pb composition assuming 3300Ma protolirh age. /\II uncertainties arc lcr. 
::) 
< 
Table 3. 1 Con ti nued Apparent Age (Ma) 
Analysis Dcs1,;ription U (ppm) Th (ppm) Th/U io"Pb/i<»pb 201 Pb/2(1(.Pb* iooPb/mU* w1rbt2 1~u• 207 Pb/2111'Pb i0t'Pb/21su 207Pbf2H LJ 
Type IV: Mera11101phic ::ircan adjacem ro r11rilc• 
M30.I rim 490 128 0.26 9012 0.1612 ± 0.002 0.4836 ± 0.009 I 0. 7500 ± 0.226 2467 ± 15 2543 ± 37 2502 ± 20 
:'\3.1 rim 725 206 0.28 19841 0.1577 ± 0.002 0.4921 ± 0.009 I 0.6997 ± 0.242 2431 ± 19 2580 ± 39 2497 ± 21 
~7.1 rim 753 75 0. 10 1801 7 0.1621 ± 0.001 0.4808 ± 0.006 I 0. 7466 ± 0. 15 I 2478 ± II 2531 ± 24 2502 ± 13 
:-\9.1 rim 457 104 0.23 29979 0.1597 ± 0.001 0.4764 ± 0.008 10.4937 i 0.202 2453 ± 15 2512 ± 33 2479 ± 18 
NI 1.2 rim 687 96 0.14 12879 0.15 73 ± 0.001 0.4646 ± 0.006 I 0.0746 ± 0. 158 2427 ± 15 2460 i 24 2442 ± 15 
N12.2 rim 711 118 0.17 2365 18 0.1600 ± 0.001 0.4823 ± 0.008 10.6400 ± 0.203 2456 ± 14 2537 :i. 34 2492 ± 18 
N13.2 rim 710 84 0.12 50000 0.1617 i 0.001 0.4660 ± 0.005 10.388 1 ± 0.15 1 2473 ± 13 2466 i 23 2470 ± 14 
N IS.2 rim 987 65 0.07 38355 0.1597 ± 0.002 0.4857 ± 0.007 10.6938 ± 0.19 1 2452 ± 17 2552 ± 28 2497 ± 17 
N24.I rim 1183 178 0. 15 35099 0.1677 ± 0.002 0.5007 ± 0.008 11.5761 ± 0.267 2535 ± 25 26 17 ± 34 2571 ± 22 
1'35.1 rim 813 189 0.23 6794 0. I 656 ± 0.002 0.4570 ± 0.012 10.4361 i 0.307 2514 ± 19 2426 i 52 24 74 ± 27 
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e Type I detrital zircon 
• Type II recrystallised detrital zircon 
• Type III matrix metamorphic zircon 
Type IV metamorphic zircon with rutile 
238/206 
2 2.2 2.4 
Figure 3.3 Tera-Wasserburg concordia for all zircons analysed from sample 7628 3362. Detrital (Type I), 
reciysrnllised (Type I!). Types J IJ and IV metamorphic grains are differentiated. 
Type !fl: Metamorphic zircon in matrix minerals 
Metamorphic zircon distributed throughout the matrix of the rock with no particu lar textural 
relationship with other phases is classified as Type Ill. These grains are generally smal l (20-50µm) , 
well-rounded and may contain Type l cores. Type III metamorphic zircon commonly has a weak, 
homogeneous CL signa l (Fig. 3 .2c). The U contents (349 - l 133 ppm) are s li ghtly higher than for 
Type l detrital zircon (Table 3. I). One outlier exists with a U content of 1695 ppm. The Th/U for 
these grains varies mainly from 0.12 to 0. 76. Three grains have lower Th/U, around 0.07 which is 
more typical ofTh/ U from other high grade metamorphic rocks (e.g. Wi lliams and Claesson, 1987; 
Williams et al., 1996; Robb et al., 1999), than the bulk of the Th/U obtained for Type lII metamorphic 
zircon. 
204Pb conected 207PbJ206 pb ages were used consistently for this data set, given the antiquity 
of the sample and therefore the suitability of the Pb isotopic compos ition for estimating age. The 
radiogenic Pb composition of metamorphic zircon in sample 7628 3362 is quite variable. especially 
with respect to uranogenic Pb. Thorogenic Pb, on the other hand, is much more consistent throughout 
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each analysis. Despite this, the 207Pb!2°6Pb ratio is reasonably constant as the two isotopes va1y 
together. The consistency of 207 Pb/206Pb ratios indicates that Pb loss and other early isotopic 
disturbances are unlikely, further demonstrated by the concordance ofnearly all analyses (Fig. 3.3). 
The 207Pbf-06Pb apparent ages for Type 11 r zircon range from - 2.3 to - 2. 7 Ga. Most analyses 
cluster around 2.5 Ma (Fig. 3.3) with a surrounding scatter of both younger and older ages. All of 
the analyses are concordant within analytical e1Tor, with no gross outliers. 
Type JV: Metamo1phic zircon adjacent to rutile 
Type IV metamorphic zircon is found in direct contact with rutile and in nearly all cases 
contains a detrital core (Type 1). Apart from this textural association, however, Type IV zircon is 
indistinguishable from Type 111 matrix metamorphic zircon. Type IV grains have the same weak, 
homogeneous CL signal , and are of a similar size (I 0-50µm). They are typically not as well rounded 
as Type lil grains, and have a more anhedral shape related to interference of the adjacent rutile 
during zircon growth (Fig. 3.2d-t). Type l V grains commonly display 'bridging' or 'hat' textures 
(e.g. Bingen et al., 200 I) with associated rutile (Fig. 3.2d-t). 
U contents of Type lV gm ins are similar to those for Type Ill , occuning in the range 490 to 
1183 ppm (Table 3.1 ). Th/U is far more uniform than for any other zircon type found here, ranging 
from 0.07 to 0.28, as shown on Figure 3.4. A number of Type lII grains are revealed on this figure 
to have a similar Th/U to Type IV zircon. lt is possible that these grains are in fact associated with 
rutilc, but that the relationship was not revealed due to the lack of a third dimension in thin section. 
Ten analyses were performed on Type IV metamorphic zircon. All are concordant or nearly 
concordant (Fig. 3.3), and the 207Pb/2°6Pb apparent age range for these grains is - 2.4 to - 2.5 Ga, 
which is the smallest age range for any zircon type described here. Within th is group, two age 
clusters are observed; one close to - 2480 Ma, simi lar to the population found in the Type lII analyses; 
and another around 2450 Ma. This latter is not defined in any of the other zircon types. 
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Figure 3.4 Th/U ratios versus age of metamorphic and detrital zircons from sample 7628 3362. Those 
zircons formed through exsolution ofZr02 from rutile show a much tighter cluster ofTh/U ratios than any other group. 
The presence of multiple age components in the 7628 3362 data set, within a small temporal 
range, means that di screte populations are best identified using mixture modelling (Sambridge and 
Compston, 1994). Separate plots have been made for the two mounts of thin section chips made for 
this sn1dy, which target Type rn and IV zircon respectively. Figures 3.5a and b highlight the 
di ffercnces in age distribution resulting from the selective analysis of zircon in specific textural 
settings. When the two data sets are combined, four main age groups are identified amongst the 
metamorphic zircon analyses (Fig. 3.5c). Mixture modelling was not app lied to analyses of detrital 
or recrystallised grains. From Figure 3.5c, it can be seen that distinct episodes of metamorphic 
zircon growth occu1Ted at 2563 ± 15 (n = 13), 2477 ± 9 (n = 17) and 2449 ± J 4 Ma (n = 9). The 
calculation of the 95% confidence limits takes into account the number of grains in each group. 
Trace element analysis o.f n1etamorphic zircon and rutile 
Primitive mantle-normalised trace clement LA-ICPMS analyses of both zircon Types 111 
and lV (matrix and ruti le-associated zircon) are shown on Figure 3.6a. For the most part the two 
groups are indistinguishable. In detail , however, the zircon associated with rutile has a slightly 
higher and more tightly grouped HREE composition, though none of these analyses are higher than 
the highest matrix zircon BREE composition. In addition, 1 band Ta, which are commonly found 
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Figure 3.S Mixture modelling plots of zircons analysed from sample 7628 3362. a) zircon from mount 
targeting zircon associated with rutile. Note that some matrix metamorphic zircons (Type III) were also sampled on 
this mount. b) zircon from mount targeting metamorphic zircon in the matrix. One zircon grain associated with rutilc 
was sampled in this mount (M30. l). c) mix plot of combined data sets (-Log likelihood = 52.39; chisq = 2.993 for 35 
degrees of freedom) with corresponding estimates of age populations. On all plots, orange cells indicate analyses of 
zircon associated with rutilc, whilst the different shades of green indicate separate populations distinguished within 
matrix metamorphic zircon. Purple cells correspond to recrystallised zircon. No age estimate for these latter is given 
due to the large age range and lack of distinct populations. The curves on each plot represent the real (red) versus 
modelled (black) age distribution. 
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Elements 
Figure 3.6 Primitive mantle normalised (after Sun and McDonough, 1989) trace element analyses for 
metamorphic zircon and nitile of sample 7628 3362. a) a comparison between Type I II zircon associated with rutile 
(orange lines), and Type 11 metamorphic zircon in the matrix (blue lines); b) trace element composition of nitile adjacent 
(orange lines) and away from (blue lines) zircon. The gaps in the analyses of plot (b) result from negative or zero 
values which cannot be shown on a log plot. 
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in rutile, are enriched in Type IV rutile-associated zircon relative to Type HI matrix metamorphic 
zircon. It would appear, therefore, that the zircon formed from Zr02 exsolution from rutile has a 
trace element signature inherited from parent ruti le. 
Figure 3.6b gives the primitive mantle-normalised trace element compositions of rutiles 
from sample 7628 3362. A very s light increase in the REE composition of ruti le adjacent to zircon 
is evident, despite the overall low concentrations. Those rutiles in the matrix, away from zircon, 
are also slightly enriched in Ta and U relative to those associated with zircon. This matches the 
pattern observed in zircons where those adjacent rutile contain more Nb and Ta. One analysis of 
matrix ruti le plots lower in Nb and Ta than the others, and appears more similar in composition to 
rutile associated with zircon (Fig. 3.6b). The uniformity ofType TV zircon Th/U ratios described 
above is also reflected in the rutile compositions, where those adjacent zircon have consistently 
higher Th contents than those found in the matrix. 
Age constra ints on cooling from peak meta morphism in the Nap ier Complex 
The data presented above can now be combined with the experimental study described in 
Chapter 2 , to lead to the conclusion that metasediments of Oallwitz Nunatak did not cool through 
700°C, IOkbar until 2449 ± 14 Ma. Therefore it is unlikely that peak metamorphism occurred at 
2500 Ma, as advocated by some authors (Grew and Manton, 1979; De Paolo et al., 1982; Sandiford 
and Wilson , 1984; Asami et al., 1998). The Napier Complex underwent isobaric cooling from 
extremely high temperatures. Isobaric cooling is generally considered to be a very slow process 
(e.g. Ellis, 1987; Harley, 1992) as no uplift is involved and the rocks are essentially left to cool in 
situ at depth in the crust. Estimated rates of isobaric cooling range from > 1 to - 3 °C/Ma (e.g. 
Harley, 1992, for examples). If ultra-high temperature rnetamorphism had occurred at 2500 Ma, a 
cooling rate of - 10°C/Ma would have had to occur in order for the terrane to reach 700°C by 2449 
Ma. Therefore, peak metamorphism must have occurred well before 2500 Ma. Applying a cooling 
rate of 1°C/Ma rather than up to 3°C/Ma for the Napier Complex, based on a hotter crustal geothenn 
in the Archaean than the Proterozoic, it is more likely that peak metamorphism occmTed around 
2850 Ma. This is very much in line with the proposed ages for high temperature metamorphism in 
the apier Complex of Harley and Black ( 1997), and also seems to match the age ofrecrystallisation 
of some pre-existing zircon (2700 - 2900 Ma) analysed in the present study, shown on Figure 3.5c. 
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The zircon associated with rutile fonns the youngest zircon generation found in these rocks 
at 2449 Ma. The largest age population of metamorphic zircon in sample 7628 3362 occurs at 24 77 
± 9 Ma, however, and is defined largely in the Type III matrix metamorphic zircon. No clear 
relationships with other minerals can be discerned for these zircons, and texturally they are 
indistinguishable from other metamorphic zircon, apart from those associated with ruti le. Therefore 
exactly which part of the metamorphic history they relate to is undefined. Given the constraints 
outlined above for the timing of l l 00°C metamorphism relative to 2500 Ma, it is highly unlikely 
that a 2477 Ma zircon age reflects peak conditions. 
The data collected during this study do not indicate any major episodes of metamorphic 
zircon growth as far back as 2900-3000 Ma. Any grains with ages in this range are recrystallised 
detrital grains, whilst most metamorphic grains are at least 200 Ma younger. The different populations 
that emerged from this study all occur within - 150 Ma of each other (Fig. 3.5), with no significant 
periods of new metamorphic zircon growth older than - 2560 Ma. This does not include the 
recrystallised zircons (Type II). 
Chapter 2 demonstrated that in a ruti le rich rock, a large proportion of pre-existing zircon 
will be resorbed during high temperature prograde metamorphism. Such resorption will have the 
gTeatest effect on the existence of small grains such as the ones sampled in this study. The ages 
published elsewhere (e.g. Harley and Black, 1997, Black et al., 1986) suggesting multiple high 
grade metamorphic events back to 2900-3000 Ma were all obtained from mineral separates and 
either whole grain analyses or spot analyses using the SHRIMP. Whatever the method, it is unlikely 
that any of the grains analysed in previous studies were as small as the ones examined here. Therefore 
one may perceive a bias in the resu lts produced here simply the small grains from older populations 
have all been resorbed. The distribution of ages with more analyses close to 2500 Ma than the 
generally older ages described in the literature (e.g. B lack et al., 1986; Black and Harley, 1997) is 
not considered to be the result of re-equilibration and rec1ystallisation , as all zircons analysed here 
are close to the same grain size (20-50µm), wh ilst the spread in ages covers - 1000 Ma. This 
indicates a certain amount of resistance of the U-Pb system to isotopic resetting even at ve1y high 
temperatures in dry metamorphic environments, and is supported by experimental work 
demonstrating that the closure temperature for U-Th-Pb in zircon is greater than 900°C (Lee et al., 
1997). Therefore, except in cases where rec1ystallisation of the grnins is evident texturally (e.g. 
Fig. 3.2b), the 207Pb/206Pb apparent ages given in Table 3. 1 are considered to be a true reflection of 
the timing of metamorphic zircon growth. 
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The geochronolog ical data presented in th is chapter shows that, in the Dallwitz Nunatak 
metasediments, the oldest detrital grains have an age of- 3300 Ma, with pervasive rec1ystalli sation 
around 2800 Ma. The zircons analysed do not reveal any significant new metamorphic growth 
o lder than - 2600 Ma, and therefore no interpretations can be drawn here as to the pre-2600 Ma 
metamorphic histo1y of the Nap ier Complex. lt can be said with confidence however, that in the 
presence of rutile, new metamorphic zircon cannot have fann ed at peak metamorphism. This 
chapter has defined an age for post-peak zircon fomrntion associated with Zr02 exso lution from 
rutile. As this is a cooling-driven reaction in a tenane where very littl e retrogression has occurred 
on a regional scale. there can be li ttle doubt that the ages obtained for these zircons are pristine and 
uncontaminated with younger growth events or subsequent resetting. 
There is no internal metamorphic zonation ev ident in the CL images of rutile-associated 
zircon, only the appearance in most cases of a magmatic core with metamorphic overgrowth (e.g. 
Fig. 3.2e). If successive episodes of cooling , heating and deformation had affected these zircons 
then they would have gone through a process of formation from rutile, fo llowed by resorption and 
then format ion from ruti le aga in. As such, some evidence of multiple growth periods would be 
present as rnultiple rims or some remnant of previous resorption. Therefore it seems most likely 
that zircon formation from Zr-rich rutile occutTed s imply through cooling from peak temperatures 
of 1100°C. This was the maximum temperature obtained from the Zr content of ruti le in Chapter 2 
though other stud ies have suggested even higher temperatures, up to l I 20°C (Harley and Motoyoshi, 
2000). There is no evidence in either zircon or rutile from sample 7628 3362 for periods of successive 
heating and cooling in the interval between peak metamorphism and z ircon formation at 700°C. 
Although much evidence is given in the literatu re fo r a po lymetamorphic history of the 
ap ier Complex (e.g. Sheraton et al., 1980; Sandi ford and Wilson , I 984; Black et al., 1986). such 
'events ' are not evident in e ither zircon or rutile from the sample stud ied here. Th is indicates that 
ultra-high temperature metamorphism succeeded rather than preceded all other tectonic episodes 
described in the literature for the Napier Complex prior to juxtapos ition of the Rayner Complex at 
- 1100 Ma. The idea that high temperanl!'e metamorphism does not con espond to M 1 has been 
proposed previously by l larley and Black ( l 997), though they also proposed an amph ibol ite fac ies 
event to explain recrystallisation of zircon around 2486 Ma. T his is s imilar to the 2477 ± 9 Ma 
population on Figure 3.5, however textural and CL imaging of these grains reveals no evidence for 
th is age to represent major recrystallisation. 
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An extensive structural and petrological analysis of the 1 apier Complex is not a part of this 
study. o field work was carried out and the interpretations presented in this thesis are based on 
observations and analyses from a smal I number of thin sections made for previous studies (Ellis, 
1979; Ell is et al., 1980). Therefore a somld and thorough re-interpretation of the metamorphic 
history of the apier Complex is not given here. However a number of points stand firm. A major 
zircon-fom1ing event took place as a result of Zr02 exsolution from rutile during cooling from high 
temperatures. Using the Zr-rutile thermometry described in Chapter 2, the maximum temperature 
of zircon formation is estimated at - 700°C. The apparent age of these zircons is 2449 ± 14 Ma. 
Ultra-high temperature metamorphism cannot have occurred at - 2500 Ma without a subsequent 
cooling rate of- 8°C/Ma, which does not match accepted rates for isobarically cooled terranes of up 
to - 3°C/Ma (e.g. Harley, 1992). Whilst unable to provide an exact age for the peak of metamorphism 
for the rapier Complex. this study has defined a precise point in the P-T-t history of these rocks. 
Summary and Conclusions 
A new method for in situ sampling of zircon for geochronological analysis is described 
here. The use of a soft adhesive to make thin sections from which small polished chips are easily 
sampled ensures textural constraint for each age measured, without reducing the quantity of analyses 
typically gained from a conventional grain mount in one analytical session. This method of sampling 
has facilitated the detailed study and successful analysis of zircon formed from a specific, well 
defined metamorphic reaction. 
Zircon formation from the exsolution of Zr02 from rutile during cooling from high 
temperatures occun-ed at 2449 ± 14 Ma in the apier Complex of Enderby Land, Antarctica. This 
is distinct from metamorphic zircon in the rock matrix which gives a main age population at 2477 
± 9 Ma. Exsolution of zircon from rutile occurred at - 700°C, J Okb as determined from coexisting 
zircon-rutile compositions (Chapter 2). The Type llT zircon fonned from this process is geochemically 
distinct from Type 11 metamorphic zircon elsewhere in the rock, with Th/U ratios consistently 
around 0.2 , and a slight enrichment in Ta and Nb. 
The ultra-high temperature metamorphism in this area could not have occurred at - 2500 
Ma as has previously been suggested by some authors. Isobaric cooling rates are much too slow for 
the Napier Complex to have cooled from 1100°C to 700°C in 40 Ma. An age for the peak of 
metamorphism cannot be defined from this study, though the constraints given here on the cooling 
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path suggest an older age, perhaps close to 2850 Ma. This matches the timing ofrecrystallisation 
of other zircons dated from sample 7628 3362, as well as geochronological evidence presented by 
Harley and Black ( 1997) and others. 
furthennore, the range of temperatures obtained from rutile in Chapter 2, up to l I 00°C, and 
the absence of multiple metamorphic growth zones or evidence of resorption in zircon associated 
with rutile, indicate that cooling from ultra high temperatures to produce zircon at 700°C was not 
complicated by additional intervening metamorphic episodes. The polymetamorphic histo1y of the 
1 a pier Complex is more likely to have ended on a regional scale with 1100°C metamorphism 
followed by slow cooling, than to have begun with it. 
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Chapter 4: 
Zircon formation and Zr budgets for garnet breakdown 
reactions 
This chapter has heen published in Mi11eralogical Magazine. 65, p 761-770. 2001. 
Introduction 
In this chapter, the behaviour of Zr is explored in re lation to two different styles of 
metarnorphic reaction. Both involve the consumption of Zr-bearing garnet, but represent different 
parts of a metamorphic history (prograde heating and retrograde decompression) and involve 
different P-T conditions. The focus on garnet, in pa11icular, is important as a link to zircon growth 
due to the fact that it is one of the best understood metamorphic minerals, and has been the subject 
of numerous thcnnobaromerric and equilibrium studies. Understanding the behaviour of Zr and 
zircon relative tO well-constrained reactions and reaction condit ions improves our ability to place 
zircon-derived i otopic ages in a realistic metamorphic context. 
This chapter demonstrates that it is possible to model and predict zircon equilibria using 
conventional petrological methods usual ly applied to common minerals and major elements. 
Comparing different reactions in ternary space (e.g. Zr-Al-Fe) faci litates the study of zircon behaviour 
with re pect to both whole rock and local scale equi libria. Not only is the Zr content of the garnet 
considered here, but also that of all other reactant and product phases for each reaction. By creating 
a Zr 'budget' for a reaction. we can form an understanding of why zircon has or has nor formed as 
a re ult of that reaction. From the information presented in Chapter I, it is possible to predict which 
mineral may play an important role in metamorphic reactions even when trace element analyses 
cannot be performed. 
Rogaland Metamorphic Aureole 
Orthogncisses and metasedimentary rocks of the 1250 Ma Sveconon.vegian Province in 
Rogaland, southwestern. orway, occur in a broad (up to 30 kms) contact aureole around the Rogaland 
intru ivc complex (Fig. 4.1, see also Appendix 8). Anorthosites from this complex have been 
dated using U-Pb zircon techniques at 920-930 Ma (Ou. chesne et al., 1993; Scharer et al., 1996), 
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and are believed to fol low a two-phase emplacement model over a period of around 10 Ma (Westphal 
and Schumacher, 1996). Extensive mapping (e.g. Tobi et al. , 1985) reveals a metamorphic profi le 
of mid-amphiboli te facies distal to the intrusion , increasing to granulite facies closer to the anorthosite. 
The progression from lower to higher grades is defined by a series of isograds from orthopyroxene-
in, to mnphibole+quartz-out, then osumilite-in, garnet-out and finally pigeonite-in nearest the 
intrnsive complex. The country rock affected by this range of metamorphism comprises metapelitic 
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Figure 4.1 Geological map of the Rogaland-Vest Agder metamorphic terrane, with sample locations discussed 
in this chapter. A ftcr Falkum ( 1982). isograds after Tobi et al. ( 1985). 
Prior to intrusion of the anorthosite complex, the country rock experienced widespread 
metamorphism as part of the Sveconorwegian (Grenvi llian) orogeny in southern Scandinavia. ln 
Rogaland th is is defined as M 1, with a poorly constrained age between I 050 and I 000 Ma (Pasteels 
and Michot, 1975; Bingen and van Breemen, J 998a and b). M2 is a thennal event associated with 
intrusion of the Rogaland intrusive complex, resulting in recrystallisation but not deformation of 
the pre-existing minera logy (Maijer and Padget, 1987), and is responsible for format ion of the 
isograds outlined above. M 1 mineral assemblages, present mainly as relicts within M2 minerals 
and including garnet, reveal that the Svecono1wegian orogeny reached conditions of 600-700°C 
and 6-8 kbar (Jansen et al., 1985). 
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The temperatures for each M2 isograd have been calculated by Tobi et al. ( 1985), with the 
hypersthene I ine (Fig. 4 . 1 ), defined by the appearance of hypersthene at the expense of biotite and 
quartz, occurring around 700-750°C. The osumilite-in (and garnet-out) isograd, observed in the 
metapelitic garnet-bearing units, is calculated to occur at 800°C or more (Jansen et al., 1985; Holland 
el al. , 1996), with some estimates ranging to as high as I 050°C for a metabasic unit occurTing 
between the osumilite-in and pigeonite-in isograds (Jacques de Dixrnude, 1978). The pigeonite-in 
isograd formed closest to the anorthosite, and represents temperatures of at least 900°C (Jansen et 
al., 1985), and probably higher given some of the temperature estimates derived for rocks within 
the osumilite-in isograd. 
Two styles of garnet breakdown 
This chapter focuses on Zr behaviour across those isograds in the Rogaland metamorphic 
aureole where garnet is present. Garnet is used in conjunction with a wide variety of other minerals 
in thermobarometry, thus most garnet consuming (and producing) reactions can be defined in P-T 
space. If zircon fomrntion can be texturally re lated to such a reaction, then the metamorphic 
conditions and relative timing of the growth of that zircon can be defined. Two garnet breakdown 
reactions have been identified within the Gyadalen Garnetiferous Migmatites, occurring at different 
grades. The best documented (e.g. Tobi et al. 1985; Kars et al. 1980) is the osumilite-producing 
reaction at very high grades, defining the osumilire-in/garnet-out isograd, and has been observed in 
rocks from site HD98 J 02 (Figs. 4.1 , 4.2a); 
garnet + biotite + qua11z + sillimanite ~ 
osumilite + orthopyroxene + spine! -r magnetite ( 4. 1) 
A second reaction is observed at much lower grade, close to the hypersthene line (site 
I 1098122; Fig. 4.1 ); 
garnet + si llimanite + quartz ~ cordierite (4.2) 
This reaction most likely reflects decompression from the higher pressure (6-8 kbar) M 1 event, and 
does not directly involve M2 metamorphism or an M2 isograd. umerous zircons are formed in the 
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Figure 4.2 a) Sample HD98102, showing garnet breakdown to osumilite and orthopyroxene as in 
reaction (4.1). The circles in the osumilite are LA-ICPMS ablation pits. Note the Jack of zircon around the 
garnet; b) Sample HD98 l 22B, showing garnet breakdown to cordierite as in reaction ( 4.2). The cordierite 
contains numerous small zircon grains, which are not continued away from the reaction halo. Again, the 
larger circles are the result of LA-ICPMS analysis; c-d) cathodoluminescence images of zircon grains from 
within cordierite coronas from sample HD98122. The zircons are unzoned and show a typical metamorphic 
habit. 
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cordierite corona sun-otmding the garnet (Fig. 4.2b). Similar textures were observed by Fraser et 
al. ( 1997), who proposed the reaction 
(4.3) 
Zr-bearing gam e/ si //i111c111i1e quartz cordieri1e zircon 
to describe the formation of new metamorphic zircon as a result of garnet breakdown during 
decompression in the U.itzow-Holm Complex, East Antarctica. 
In Rogaland, reaction (4.2) occurs at maximum condit ions of around 5.6 kbars and 7 J 0°C, 
as determined using Fe-Mg exchange equilibria between garnet and cordierite (after Thompson, 
1976). Constraining the metamorphic conditions for reaction (4.1 ) has proved more problematic. 
Although the occurrence of osumili te in Rogaland is well documented, only a few thennobarometric 
studies on the osumilite-bear ing rocks have been published (e.g. Jansen et al., J 985; Holland et al. , 
1996). Jansen et al. ( 1985) relied on grr-opx-plag-sill equil ibria with in the osumilite-in isograd, 
obtaining an estimate of 950°C and 4 kbars. Holland et al. (l 996) applied the TH ERMOCALC 
program (Ho I land and Powell, l 990) to a rock from the same site as sample 102 discussed below, 
providing an estimate of 850°C, 5.5 kbars. However Jansen et al. ( 1985) did not study a reaction 
involving osumilite, and the TH ERMOCALC program of Holland and Powell ( 1990) relies on 
multiple reactions, giving a bulk rock result. These two methods have resulted in different pressure-
temperature estimates and neither approach is specific to reaction ( 4.1 ). However Holland et al. 
( 1996) did include osumilite in their THERMOCALC run, and therefore the ir estimate is taken 
here as the most likely temperature and pressure of garnet breakdown during reaction ( 4.1 ). 
Z r content of garnet 
An understanding of potential zircon-forming reactions requires awareness of those minerals 
(common and accessory) which can incorporate significant amounts of Zr. As described in Chapter 
I, Fraser et al. ( 1997) identified garnet and amphibole as minerals with elevated Zr concentrations, 
in addition to clinopyroxene, rutile, titanite and ilmenite (e.g. Green, 1994). 
The ability of garnet to incorporate large concentrations of Zr is demonstrated by the 
endmember ' kimzeyite' (C~Zr2Al2Si0 12). Milton et al. (196 1) published kimzeyite analyses with 
29.9 wt% Zr02 and more recently, Jamtveit et al. (1997) reported kimzeyite with up to 18.4 wt% 
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Zr02. I lowevcr, kimzeyite is rare and typical almandine-rich garnets commonly contain only 50 ro 
100 ppm Zr(c.g. Fraser et al., 1997; Jenner et al .. 1994; Green el al., 1989. and Chapter I/Appendix 
0. thi. study). Zr4- may substitute directly into the garnet lattice for Ti4+ (Deer et al. , 1992), but 
additional coupled substitution mechanisms arealso involved, as discussed in Chapter l. The most 
commonly invoked coupled substitution is that of Zr4.,. for Al3 or Fe3' in the octahedral site, with 
a corresponding tetrahedral substitution of Al3+ for Si4 .. to maintain charge balance (e.g. Milton et 
al., 1961; llo and Frondel, 1967; Munno el al. , l 980) . 
Garnets from reaction ( 4.1) (samp le J 1098 102) arc s li ght ly more Mg-rich 
(Alm0.57 Py0 .. 15Sps0.03Grs0.02And0_0) than those from reaction (4.2) (sample H098 J 22; 
Alm0_72Py0.22Sp 0.02Grs0_03And0.01 ), however the former are higher in Fe3" and thus perhaps more 
readily able to accommodate Zr. The Ti4"" content of the garnet is low, at SO. I wt% Ti02 in both 
cases and is unlikely ro influence Zr substitution in this ca c. 
Methods 
LA-IC PMS was used for trace element analyses, and analytical methods for this instrument 
arc as described in Appendix C. Si02 and CaO were used as internal standards for the analyses 
discussed in this chapter. 
Results 
The Zr concentrations in mineral phases from two sample (11098102 and H098 I 22; Fig. 
4.1) were analysed in detail (see Table 4.1 ). Analysis of sample H098 I 02 reveals that osumilite 
(with 38 ± 4 ppm Zr) and orrhopyroxene (31 ± 7 ppm Zr) contain lower concentrations of Zr than 
garnet (60 ± 20 ppm Zr) from the same rock, which the o umilite and orthopyroxene are replacing. 
Spine!, magncritc and biotite in sample H098 l 02 contain 0.16, 0.11 and 4.09 ppm Zr respectively. 
1 o si llimanitc remains in the sample H098 I 02. but where present in sample 11098122, contains 
0.1 ppm Zr. lo zircons are observed within garnet breakdown haloes in the osumilite-migmatites 
(sample 11098102). 
In sample 11098122 (reaction 4.2), garnet also con ta ins Zr (25 ± 9 ppm) whereas the product 
mineral cordicritc contains only I .5 ± I ppm Zr, as shown on Table 4.1. Sillimanite contains 0.1 
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ppm Zr, whilst the amount of Zr in quartz is below detection. Zircon is prolific in the cordierite 
replacing garnet in sample HD98 I 22. 
LA-ICPMS analysis also shows that Zr is unifom1ly distributed within the garnet crystal 
(Fig. 4.3) as opposed to being present as inclusions or along grain boundaries and fractures. Some 
zircon inclusions were encountered in garnet porphyroblasts using LA-ICPMS, but these can be 
easily identified, and readily excluded from the analysis so as not to influence the results. 
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Figure 4.3 LA-ICPMS continuous rim-to-rim traverse of a garnet porphyroblast from sample H 098122. 
!'\ote thezircon inclusion to the left of the profile, identified by a Zr peak, and corresponding U and Th peaks. :-.lote also 
that the garnet porphyroblast is slightly zoned with respect to Zr. This zonation is on the order of 15 to 33ppm from 
core to rim. Th and U lines have a fragmented nature as zero values cannot be plotted on a log scale. 
Zr Budgets for Metamorphic Reactions 
Obtaining the Zr concentration for each mineral in reactions (4.J) and ( 4.2) enables calculation 
of the potential for zircon growth or resorption and Zr redistribution in each case. The amount of 




Table 4.1 Zr concentrations (ppm) of minerals in Reactions I and 2. Average concentrations were taken as representative of al I 
analyses for Zr budget ca lculations. In addition, with both rocks containing zircon, the phases below arc assumed to be saturated in Zr. 
Reaction I (sample I I 098102) 
N 11111 of A 11al. Range St. Dev 
garnet 65 23.03- 11 8.2 1 19.97 
biotite 
sillimanite - - -
cord ieritc 
osumilite 3 35.19-43.87 4.57 
orthopyroxcne 3 25. 10-40.06 7.60 
hercynitc spinet 4 0-0.64 0.33 
magnetite 8 0.05-0.15 0.04 








Reaction 2 (sample 1-1098122) 
Num of Anal. Range St. Dev 
11 7 3.95-43.07 8.7 1 
3 0-0.13 0.07 
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highlighting the scale of reactions involving trace concentrations of elements. Reaction (4.1) can 
be adapted to include Zr using the LA-ICPMS results ; 
Zr-bearing garnet bi01ite sillima11i1e quartz 
Zr-hearing os11111ilite Zr-bearing orthopyroxene hercynite_,, magnetite 
As discussed previously, Zr substitutes into the octahedral site in garnet, replacing A!3+ 
which in turn substin1tes for Si4+ in the tetrahedral site. Similarly for osumilite, Zr occupies the 
octahedral A site, replacingAl3+, with a corresponding substitution of At3+ for Si4+ in the tetrahedral 
s ite to restore charge balance. Zr substin1tion into orthopyroxene is more difficult, with a likely 
scenario involving replacement of two 2+ octahedral cations (Fe2+ and/or Mg2 ... ) by one zr4+ cation, 
leaving one of the two 2+ sites vacant for charge balance. 
Zr on either s ide of reaction ( 4.1) balances to within error based on the measured average Zr 
concentrations for each phase. It is clear that all the Zr released from garnet by reaction ( 4.1) is 
incorporated into osumilite and orthopyroxene, and no zircon is fonned. lt follows that zircon 
fonnation fro1T1 metamorphic reactions is dependent on the properties and solubi liry of Zr in product 
phases. 
Rewriting reaction (4.2) to include Zr gives: 
Zr-hearing garnet sillimanite quartz cordierite zircon 
Besides zircon, garnet is the only major Zr-bearing phase in this reaction, with much less Zr 
substitution evident in cordierite than in reaction (4. l) product minerals. Consequently, the excess 
Zr released during this reaction results in zircon growth, to form the texnires seen in Figure 4.2b. 
Reaction (4.5) shows that for every ten thousand fo1mula units of garnet broken down, one 
formula unit of zircon is formed. This scal ing fits the textures observed in sample HD98122, where 
remnant garnet porpbyroblasts are typically around I cm or larger in diameter and would initia lly 
have been much bigger. Zircons in the cordierite corona range in size from 20 µm down to > 1 µm, 
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and make up approximately 0.3% of the cordierite corona (Fig. 4.2b). 
Some of the larger zircons may have a detrital origin , as is common in metapelites, and are 
present in the reaction haloes as past inclusions from the reacted garnet, as shown on Figure 4.3 
with an existing zircon inclusion. However preliminary cathodoluminescence on the reaction textures 
of sample H 098122 reveals that these larger grains are unzoned and do not have cores (Fig. 4.2c,d). 
Therefore without isotopic dating metamorphic and detrital zircons cannot be distinguished from 
each other. 
In addition, the ratio of l: 10,000 (zircon:gamet) is likely to be an underestimate, given 
many of the garnets in sample H098 I 22 are zoned with respect to Zr; Zr increasing towards the 
rims (Fig. 4.3). If, in the original garnet, this zonation continued to the rim of the crystal prior to 
reaction, the garnet involved in reaction (4.2) would have had a higher average Zr concentration 
than that stipulated here. This would imply that in reality less garnet was needed to produce the 
same amount of zircon. Alternatively, Zr enrichment in garnet rims may be the result of Zr diffusion 
back into the garnet. 
The systematics of zircon formation have been addressed here by applying a mass balance 
approach to observed reactions. The relationships between the minerals involved and distribution 
of Zr across them is shown on Figure 4.4, with the representation of reactions (4.1) and (4.2) in 
ternary (Zr-Al-Fe) space. Bulk rock compositions are also shown on this diagram, and it is the 
addition of this latter infonnation that reveals these reactions occur with local but not whole rock 
equilibria. If whole rock equilibria with respect to Zr were achieved , the reaction space would 
include the bulk rock composition on a ternary diagram. The high concentrations of Zr present in 
bulk rock compositions for both samples (Fig. 4.4) result from the presence of zircon in the rock 
unassociated with these reactions. It is either detrital zircon (as is common in metapelitic rocks) or 
the product of other metamorphic reactions and processes, and uninvolved in either reaction ( 4 . 1) 
or (4.2). Reaction (4.1 ) is well away from the Zr-Al-Fe bulk composition suggesting that the 
reaction should not, with whole rock equilibration conditions, proceed. However, since reaction 
(4.1 ) is controlled by major element equilibria, not that of Zr, the Zr-Al-Fe composition of the 
sample is irrelevant to the reaction. Tie lines for reaction (4.2), on the other hand, cross the bulk 
rock composition of sample HD98 l 22 because zircon is formed and as such, Zr is actively involved 
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Figure 4.4 Representation of reactions (4.1) and (4.2) in Zr-Al-Fe compositional space (wt%). a) reaction 
( 4.1 ), showing the distribution of Zr between reactant and product phases such that zircon is unlikely to form. b) 
reaction (4.2). in which Zr liberated from garnet is not incorporated in the cordierite structure. necessitating the fonnation 
of zircon to balance the reaction. Bulk rock compositions in each case have no effect on the reactions. serving only to 
indicate that additional zircon is present in the rocks. Reactions (4. 1) and (4.2) represent local, not whole rock, equilibria 
in tcnns of Zr distribution and zircon formation. 
Figure 4.4a clearly shows that zircon will probably never fonn from reaction (4.1 ), given 
that Zr liberated from garnet is dist1ibuted almost evenly between 01thopyroxene and osumilite. In 
reaction (4.2) (F ig. 4.4b), with the absence of another major Zr bearing phase, the fonnation of 
zircon is both predictable and log ical. 
Dating of the zircons produced in reaction (4.2) will provide a necessary check against 
accepted ages for M 1 or M2 in Roga land , and is investigated in Chapter 6. If zircon growth is the 
resu lt of decompression from M 1 then dates for these zircons should be$ I 050 Ma, based on previous 
dating of these metamorphic events (e.g . Wilson et al., 1977; Wielens et al. , 1981 ; Bingen and van 
Breemen, t 998a and b ). By constrncting mass balance equations for common metamorphic reactions 
where zircon has an in timate textural relationship with other minerals, the growth of some 
metamorphic zircon can be placed in a petrological framework. Jt is therefore possible, using 
modem analytica l techniques, to estab li sh a link between the two vital fields of thermobarornetry 
and geochronology, to aid in the understanding of metamorphic rocks. 
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Summary and Conclusions 
Understanding the processes by which metamorphic zircon may form, or be inhibited from 
forrning, is essential to modern geochronology. This study demonstrates that breakdown of a Zr-
bearing phase during metamorphism wil l on ly result in new zircon growth if Zr does not substitute 
into the lattice of product phases. Reaction (4.1) would never produce zircon due to the ability of 
osumilite and 011hopyroxene to incorporate Zr. Reaction ( 4 .2), on the other hand, does see the 
formation of new metamorphic zircon as Zr released from garnet is excluded from cordierite. Thus 
in spite of both of these reactions involving the breakdown of Zr-bearing garnet, they each have a 
vastly different outcome in terms of zircon stability and c1ystall isation. 
In the Rogaland metamorphic envelope, new metamorphic zircon growth is the result of a 
decompression reaction after M 1 at conditions around 5.6 kbars and 700°C, with a predicted isotopic 
age of~ I 050Ma. Us ing the simple combination of textural observation and in situ trace element 
analysis to construct Zr budgets for pa11icular reactions, it is easy to relate periods of z ircon growth 
to well understood , and easily constrained, metamorphic processes. 
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Chapter 5: 
Preliminary investigation of experimental garnet-zircon-
quartz equilibria 
Introduction 
It has already been shown that establishing a link between zircon stability and major phase 
equilibria is vital if U-Pb zircon ages are to be placed in proper petrological context. Chapter 4 
described the textural association of zircon and garnet from Rogal and, SW Torway, and explored 
the pa11itioning of Zr in different phases across metamorphic reactions. However, in addition to 
metamorphic net transfer reactions, in which reactant phases are consumed to produce new product 
phases, compositional zonation in minerals such as garnet may also reveal much about the history 
of a rock, or at least the growth history of that crystal. At high metamoq)hic grades however, major 
element zonation can be re-equilibrated to the ambient pressure-temperature conditions, thus 
eliminating the prograde growth history. Trace elements (such as Y, Sc, P, and Zr) commonly 
preserve pro grade zonation patterns due to their relative immobility. Studying trace element zonation 
patterns in garnet can therefore reveal much about the history of upper amphibolite and granulite 
facies rocks (e.g. Spear and Kohn, 1996). 
In addition to revealing information about metamorphic conditions, trace element 
concentrations and zonation patterns in major phases may be linked to accessory phase equilibria. 
Recent work (Pyle and Spear, 1999) linked Y zonation in garnet to various stages of xenotime 
(YP04) growth and resorption, as well as a number of reactions involving garnet formation and 
breakdown. Zonation in the Zr content of garnet was described briefly in Chapter 4 and is explored 
further here. If the trace element composition of garnet can be related to temperature, then not only 
does this provide an extremely useful trace element thennometer, but direct thern1obarometric 
constraints can be placed on zircon formation and/or consumption relative to metamorphic reactions 
involving garnet. This chapter presents a preliminary experimental investigation of Zr concentration 
in almandine garnet, with the aim of using this information to interpret Zr zonation patterns in 
garnet, as well as exploring the implications of varying Zr contents in garnet on a regional scale in 
high grade metamorphic terranes. 
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Experimental Methods 
Experiments were run at 5, l 0 and 15 kbar, from 800°C to 1100°C, at 50°C intervals for 10 
kbar runs, and 100°C intervals for 5 and 15 kbar experiments. All experiments were performed in 
Boyd and England ( 1960) type piston cylinder apparatus, with a half-inch piston. The starting mix 
consisted of Si02 (Aeros il Degussa), Al20 3 (LOI .I%), metallic Fe and Fe20 3, as well as Zr02 
(Specpure) powders, to give a starting composition of70% almandine garnet, 10% zircon and 20% 
quartz (Table 5.1 ). The oxides were first weighed and then ground and mixed thoroughly in acetone 
using an agate mortar. To encourage the crystallisation of garnet porphyroblasts, the oxide mix was 
melted tO form a glass in 1 atmosphere furnace apparan1s, in an Ar atmosphere and in the presence 
of metallic Fe to ensure a reduced composition. On analysis, this glass was found to have a unifom1 
composition (Table 5.1 ), with rare, small micro lites of zircon, Zr02 and Si02, which are probably 
present as quench phases. The glass was then ground to a fine powder in an agate mortar. 
Approximately 0.06g of this final powdered glass was then placed in 3mm AgPd capsules. 
Table 5. 1 Composition of oxide starting mix and glass described in the text. The amount of oxide powder 
needed in a I gram mix was calculated to produce 70 wt% almandine. J 0 wt% zircon and 20 wt% quartz. The glass 
was analysed using EDS. and the average composition is given below. 
Wt% starting mix glass 
Si02 48.63 46.80 
Al20 3 14.34 15.48 
Fe (metallic) 7.85 
Fe20 3 22.46 
FcO 29.81 
Zr02 6.72 6.49 
Total 100.00 98.58 
Pure almandine has its maximum stability in the presence of metallic iron (iron+quanzJ 
fayalite buffer; e.g. Hsu , 1968), up to - l 100°C at I 0 kbar and - 1000°C at 5 kbar (Keesman et al., 
1971 ). Therefore all experiments were buffered with respect to /02, either through the addition of 
graphite shavings and water to the charges, or with the sole addition of ammonium carbonate powder, 
which acted both as buffer and flux. Both of these buffers increase the amount of co2 and I H4 in 
the fluid phase, hence lowering f02. The /02 of the graphite buffer is close to that of QFM (Ohmoto 
and KeITick, 1977). 
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The sealed AgPd capsules were encased in boron nitride and graph ite, and enclosed within 
a pyrex then salt sleeve, or a salt sleeve alone depending on the temperature. A Pt-Pt90Rh l0 
thermocouple was inserted into the assembly, to within lmm of the sample, to measure the 
temperature throughout the experiment. Ternperatures were regulated automatical ly by a 
Eu ROTHE!Uv1 controller, with an accuracy of ± 5°C. Pressure was controlled manually, and was 
maintained at the desired level to within J %. At low pressures (5 kbar) it is possible that an e1TOr in 
the pressure measurement of up to 0.5 kbar exists, however the use of salt as a pressure medium 
ensures reliable results within the range of pressures for these experiments. 
Analytical Methods 
The products of all experiments were analysed texturally and compositionally using a Jeol 
6400 Scanning Electron Microscope with Link lsis EDS software, as described in Appendix C. 
LA-ICPMS was employed to determine the Zr content of both natural and experimentally-produced 
garnets, following the methods outlined in Appendix C, with a 23 µm laser beam, and employing 
Al20 3 or Si02 as internal standards. 
The experimentally-produced garnets were ve1y inclusion rich (with both qua1tz and zircon), 
therefore it was not always possible to find sufficiently inclusion-free zones for uncontaminated 
spot analysis with the LA-TCPMS. In these cases, WDS analysis was employed as an alternative, 
using a Cameca Microbeam electron microprobe. The instrument was run at an accelerating voltage 
of l 5kV and 29nA and a beam width of I µm , analysing fo r Si , Al, Fe and Zr using the ZAF 
correction method. The standards used for these elements were synthetic CaSi03 and CaA120 4_ 
metallic Fe, and pure Zr02. The detection limit for this technique is close to ~200ppm. Therefore 
in some cases the Zr concentration of garnet, especially at lower temperatures, would be below 
detection. 
Experiment Results 
Analytical results are given in Table 5.2, with full analyses provided in Appendix E3. All 
experiments produced coexisting garnet, quartz and zircon (Fig. 5.1). No other phases were formed. 
The garnets commonly display cores with numerous quartz inclus ions (Fig. 5. J a). Compositional 
zonation of major elements in garnet was not detected. LA-ICPMS and WDS analyses for Zr were 
performed on the more inclusion-free rims rather than poikiloblastic cores as these latter on ly gave 
contaminated analyses. Therefore core to rim zonation of Zr in the garnets could not be tested . 
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Table 5.2 Details of high pressure experiments in the system Alm-Qtz-Zcn. All were run in piston cylinder apparatus, using the 
Alm-Qtz-Zcn glass described in the text, and all were encased in AgPd capsules and graphite and salt+pyrex sleeves. The given Zr 
concentration in garnet for each experiment is that most likely to represent the closest approximation to equi librium, as described in 
the text. WDS analyses have been corrected for either quartz or zircon contamination. 
Run Number P (kbar·) T (°C) Duration (hrs) Fluid Products Zr (ppm) Analytical Technique 
G532 5 800 435 (N I 1) 2C03 aim, zcn, qtz 518 Si corrected WDS 
G534 5 900 332 (NI 14) 2C0 3 aim, zcn, qtz I 082 Si corrected WDS 
G53 I 5 I 000 242 (NH4) 2C0 3 melt, zcn 
G52 I I 0 800 240 graphite + 11 20 aim, zcn, qtz 21476 Zircon corrected WDS 
G5 I 8 I 0 850 192 graphite + H20 aim, zcn, qtz 11084 Zircon corrected WDS 
G486 I 0 900 171 graphite + 1120 aim, zcn, qtz 143 LA-ICPMS 
G505 I 0 950 161 graphite + 1120 aim, zcn, qtz 233 LA-ICPMS 




G5 I 7 I 0 I 050 79 graphite + 11 20 aim, zcn, qtz 479 LA- ICPMS 12; 
G493 I 0 I I 00 93 graphite + 1120 melt, zcn - I~ 
-N 
-· G527 15 800 141 (Nll4) 2CO.'I aim, zcn, qtz 3763 Si corrected WDS 1~ 
0530 15 900 258 (NJ 14)2C03 aim, zcn, qtz 813 Si corrected WDS 
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Due to time constraints on th is study, it was not possible to repeat the experiments that did not 
produce large enough grains in the first attempt for effective analysis. 
\... ~ . 
. - . ~ . 
. ~• • ..!..d ~- ......... .. 
t·~ O 50µm 
Figure 5.1 Representative backscatter SEM images of experimental products, showing coexisting almandinc 
(aim). quartz (qtz) and zircon (zcn). a) almandine with numerous quartz (dark grey) and zircon (white) inclusions. in 
which the quartz inclusions are concentrated in the cores of the garnets. Zircon inclusions are ubiquitous throughout 
the almandine. but not throughout the quartz matrix; b) subhedral, poikiloblastic almandine; c) poikiloblastic almandine 
from a high temperawre experiment, showing overall larger grain sizes for garnet and zircon than lower temperature 
experiments; d) coarse grained garnet with fewer quartz and zircon inclusions than lower temperature experiments. 
Despite attempts to avoid inclusions, the extremely poikiloblastic nature of the garnets 
produced meant that most analyses were mixed. Figure 5.2 demonstrates contamination trends 
with e ither quartz or more commonly zircon, detected in WDS analyses. Due to this contamination, 
the minimum concentration of Zr detected in garnet in all cases was considered the closest 
approximation to the equilibrium composition for each pressure and temperature. Maximum Zr 
concentrations from both WDS and LA-JCPMS analysis were always several orders of magnitude 
higher than the lowest Zr concentrations, resulting from contamination from numerous small zircon 
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Figure 5.2 Ternary plots ofSi-(Al+fe)-Zr molecular proportions from WDS data of Zr-garnet experiments as 
shown in Tnble 5.2, using WDS analyses to demonstrate the levels of contamination from both zircon and quartz in 
garnet data from this study, especially in the lower temperature experiments. Trend lines t0wards zircon and end-
membcr Zr-almandine are shown. The plots have been magnified to show the detail of the data and contamination 
trends. Si and Zr have been mulitplied by I 0 to further enhance these details. 
from clear areas away from zircon inclus ions. In some cases, no clear analyses at all were obta ined, 
espec iall y fo r the lower temperanire runs. 
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The contamination trends identified in Figure 5.2 allow a rough correction of the data in 
Appendix E3 . Each of the individual analyses in Appendix E3 corresponds to the corrected analysis 
shown on Table 5.2, which has been adjested to eliminate either quartz or zircon contamination. 
Using Al and Fe, which do not occur in either qua11z or zircon, as a base for the ideal garnet 
composition in each analysis , a rough estimate of the trne Zr content could be obtained. 
Ternary plots for LA-ICPMS data, similar to the ones produced in Figure 5.2 for WDS 
analyses, cannot be plotted to detennine the levels and style of contamination. Reduction of LA-
ICPMS data relie on the comparison of measured elemental counts with an internal standard, such 
as Si or Al. These internal standards must be pre-determined using independent means. For the Zr 
anal.yses given in Table 5.2, electron microprobe EDS ana lysis was used to measure S i and Al. 
Therefore, to make an assessment of the quality of LA-ICPMS spot analyses and levels of any 
contamination, time-integrated profiles of the raw data are used (Fig. 5.3). A smooth profile (Fig. 
5.3a) indicates a clean, uncontaminated analysis. A 'bumpy' profile (Fig. 5.3b) indicates inclusions 
(zircon in this case) caught up in the ablation zone. Therefore this analysis cannot be used as a 
measure of the Zr concentration in almandine. In some cases a smooth section ofan otherwise poor 
analysis can be defined and the data reduction process altered to selectively include only that pat1 
of the analysis (Fig. 5.3c). In most cases, the zircon inclusions are so prolific that no part of the 
analysis is uncontaminated, as in Figure 5.3b. 
Even with zircon contamination of the analyses, the data clearly show an increasing trend 
of Zr content in garnet with increasing temperature (Fig. 5.4). This is most evident in the I 0 kbar 
and 5 kbar data. At 5 kbar, garnet was grown at 800 and 900°C, but melted at I 000°C. The minimum 
Zr content of garnet at 800°C, 5 kbar was measured at 518 ppm Zr, increasing to l 082 ppm at 900°C 
(Table 5.2). This is significantly more Zr than that analysed in 10 kbar experiinents (described 
below), and may be a function of decreasing pressure. The 518 ppm Zr found in garnet at 800°C is 
more than that found in the J 050°C, l 0 kbar experiment. Therefore, despite contamination corrections 
these analyses are treated with caution. Only contamination-coJTected data are given on Table 5.2, 
and the full uncon-ected analyses are given in Appendix E3. 
At l 0 kbar, the Zr content of garnets from experirnents rnn at 800 and 850°C suggested a 
minimurn of 21476 and 11084 ppm Zr respectively. Whereas at 900°C, I 0 kbar, garnet contains 
143 ppm Zr. Therefore the 800 and 850°C l 0 kbar experiments are not included in the calculations 
below because of unavoidable zircon contamination. From 900°C, the Zr content of garnet in I 0 
kbar experiments increases systematically from 143 to 233 ppm Zr at 950°C, up to 479 ppm Zr at 
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Figure 5.3 LA-ICPMS analyses of garnet experiments. a) analysis of garnet from G486, at 900°C, IO kbar, 
showing a smooth uncontaminated profile; b) analysis of garnet from G5 I 7, at I 050°C, I 0 kbar, with extensive zircon 
contamination; c) analysis of garnet from G505. ar 950°C, I 0 kbar, with only partial zircon contamination. Note the 
slight increase in Si corresponding ro rhe higher levels of Zr (zircon). Elements of high concentration, such as Si in 
garnet, are analysed using a reduced sensitivity so as not to overwhelm the detector. This gives the impression, in the 
presentation of raw data, that Si has a lower concentration than A 1 or Zr. 
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l 050°C. I lowever, the minimum measured Zr content of garnet at 1000°C, I 0 kbar, using WDS (as 
all LA-ICPMS ana lyses were contaminated), is 564 ppm Zr. This is higher than that at l 050°C. 
Figure 5.2 shows the analyses from this experiment to be contaminated with zircon, and so the data 
frotn G5 I 7 are also not included in the calculations described below. 
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Figure 5.4 Plot of uncorrected WDS and LA-ICPMS analyses of Zr (ppm) in poikiloblastic garnet from 
experiments. Despite the large degree of contamination, most evident in analyses from lower temperature experiments. 
an overall trend in minimum values towards higher Zr concentrations with increasing temperature is observed at 5 and 
I 0 kbar. At 15 kbar, the reverse is observed, indicating that these experiments did not approach equilibrium. No data 
from LO kbar. 800 and 850°C experiments are plotted as the degree of contamination is such that they plot off the scale 
of this graph. This is the same for LA-ICPMS analyses from 10 kbar, I 000°C. and 15 kbar, 800°C experiments. Note 
the change in scale on the Zr axis of the 5 kbar graph. and also the differences in scale between all three plots. 
It is perhaps unfortunate that a glass was chosen as the starting material for these experiments. 
At lower temperatures this has appeared to crystallise garnets direct from the glass with high Zr 
(e.g. garnet from the 800°C, 5 kbar experiment), notwithstanding the problems of inclusion 
contamination during analysis. Evidently these experiments did not approach equilibrium. The 
alternative approach of mixing pre-existing almandine with zircon and quartz was not unde11aken 
as time constraints to this thesis did not permit this alternative to be explored. 
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In contrast to the trends described above for 5 and 10 kbar data, l 5 kbar data show a trend 
of decreasing Zr content with increasing temperature (Fig. 5.4). At 800°C, garnet was found to 
contain 3763 ppm Zr, whilst garnet at 1000°C contains 203 ppm Zr. The massive contamination in 
the 800°C and 900°C analyses means that these data cannot be used in the derivation of 
thermodynamic parameters for garnet-zircon-quat1Z equilibria, described below. The value of 203 
ppm Zr at I 000°C may be reliable, however, and combined with l 0 and 5 kbar experiments, possibly 
suggests a decreasing Zr concentration in garnet with increasing pressure. 
The experiments outl ined above were performed in order to study the reaction: 
(5. l) 
Zr-almandine quartz almandine zircon 
To define the thermodynamic dependence of X~~ on temperature and pressure, the fundamenta l 
equation 
6.G(P,T) = 6.H -TtiS + (P- .1)6.V = -RTlnK (5.2) 
is used to derive expressions for entha lpy, entropy, and volume for Reaction 5.1. The equ ilibrium 
constant (K) for Reaction 5.1 is as follows: 
(5.3) 
Zircon and quartz are pure endmembers in reaction (5.1 ), with an activity of 1. Therefore 
K = a~1m (5.4) 
where a /..r- alm 
X ; x 2 x .l a 3lm = Fe Al Si (5 .5) 
1n a lrnandine, Zr substitutes for Al in the octahedral site. Th is is coupled with substitution of Al for 
Si in the tetrahedral site to maintain charge balance. Therefore the overall substitution is for Si, and 
Al is distributed between octahedral and tetrahedral sites. There is no change in X Fc for this system, 
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and so X Fc = 1.0. Thus, 
a - X1 X3 
.1101 - Al Si 
Over the experimental range, if Xzr = 0.0001 , for example, then octahedral XA1 = 0.9999, and Xs1 
= 0.9999: 
aalm = 0.99992 . 0.99993 
= 0.9995 
Increasing Xzr by an order of magnitude to 0.001 decreases aalm to 0.995. The derivation of these 
est imates of anlm would therefore require a precision and accuracy in major element analysis for 
f e, Al and Si at a level of significant figures equivalent to that of LA-ICPMS analysis of Zr. For 
exarnple, with a 10% error, 0.0002 ± 0.00002 (2cr) Zr02. Thus for the above activity equation (5.5) 
to be used and have scientific relevance, analysis ofSi02 must be equivalent, i.e. 38.5554 ± 0.00002. 
However a 1 % enor (nonnally considered acceptable) is ± 0.3855. In other words, the full , rigorous 
activity rnodels for silicates (e.g. Wood and Fraser, 1977, p 90-91) in which each site in the crystal 
lattice is taken into account in the formulation, ca11not be justified for trace element substitution 
because the detection limits and 2cr confidence level for major elements are orders of magnitude 
greater than that of LA-ICPMS for a trace element. On that basis, and the fact that even if we did 
have equivalent levels of detection and precision in elemental analysis, varying Xzr by an order of 
magnitude changes aalm from 0.9995 to 0.9950. Thus in the interpretation of data presented here, 
a31111 is taken as 1.0: 
l k =--
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Zr X. = in the Y site 
Zr (Zr + R3• ) 
X Al . h z . , 1 = in t e site 
I (Al + Si) 
X Si . h Z . . ; = 111 t e site (Si + Al) 
As described above in the discussion on analytical eJTor and detection limits, it is impossible to 
accurately obtain a rigorous formulation for azr-atm· However, if 
Zr x. = ---------
Zr Zr + Al + Cr + Fe3+ ,etc 
where the total atoms per formu la unit in the octahedral ' Y ' site is 2.0, then, 
X _ Zr 
Zr - 2 
So on the basis of l2 oxygens, azr-alm is taken here to be X~, . Therefore: 




Where possible, volumes for phases have been taken from Robie and Hemingway ( 1995), 
however the volume of the fictive end-member Zr-almandine is unknown. The Zr concentration in 
garnet only ever reached several hundred ppm, even in high temperature experiments. This is 
below the detection limit for XRD analysis of unit cell volumes from which an expression for V Zr-
atm could be derived. Therefore a theoretical approach has been adopted here. Solid solution 
between almandine (Fe3Al2Si30 12) and Fe3Zr2Al2Si0 12 involves the same exchange vectors as the 
sol id solution grossular (Ca3Al 2Si30 12) - kimzeyite (Ca3Zr2Al2Si0 12), for which unit cell volumes 
are known (e.g. Munno el al. , 1980; Yamakawa el al., 1993). 
Whilst the volumes of almandine and grossular are different, the relative change in volume 
to produce each Zr end-member should be the same as they involve the same substitutions. Therefore, 
using the data of Yamakawa el al. (I 993) for kimzeyite unit cell volumes, with grossular and 
almandine volumes from Robie and l-Iemingway (1995) , the relative difference in volume between 
the two solid-solutions series can be determined (Fig. 5.5), and from th is the theoretical volume of 
a Zr-almandine end-member garnet can be extrapolated: 
V = l l.532 + 2 .01 9X~~ Jbar·1 mo1·1 (5.10) 
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Figure 5.5 Linear regression of grossular-kimzeyite solid solution. with the volume ofZr-almandine determined 
from the relative difference between known volumes of grossular and almandine, extrapolated to the known volume of 
kimzeyite (Yamakawa et al .. I 993). 
For the pure end-member reaction (5. t ), X~,,m = I, therefore the volume of Zr-almandine from 
equation (5.10) is 13.551 Jbar·1mo1·1• Substituting this volume into the equation for 6 V of reaction 
(5.1) gives: 
Ll V == (Valm + 2V zcn) - (V Zr-aim + 4v qi) (5 . 11) 
= -3.243 Jbar· 1mol·1 
Rearrangement of equation (5.2) leads to the expression 
lnK = _ (6H + (P - 1)6 V) + 6S (5.12) 
RT R 
In other words, y = mx + c, as described in Chapter 2. This linear expression is demonstrated in 
Figure 5.6 for 5 and I 0 kbar data, and from which 6S and 6H can be determined. 
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8.5 At 5 kbar: lnK = 19061/T - 4.6407 
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Figure 5.6 lnK versus lfT plot of Zr-garnet experiments. Only those data considl!red to give the closest 
approximation 10 equilibrium are shown. The two 5 kbar experiments that produced garnet, at 800 and 900°C (shown 
in blue), may represent thermodynamic equilibrium. whilst three experiments run at I 0 kbar (shown in red) follow a 
linear tTend and are considered here to represent the closest approximation to equilibrium compositions. 
c = .6S 
R 
therefore, 
6S = cR (5.13) 
where c is the intercept of the line shown on Figure 5.6 for 10 kbar experiments. R is the universal 
gas constant (8.3145 Jmol·1K.i). Equation (5.13) gives 
6S = -45.61 JK-1mo1·1 
Similarly, 
in = _ ~(6_H_· _+ ........ (P_-...... 1)_6_V __ ) 
R 
106 
Chapter 5 Garnet-Zircon-Quartz Equilibria 
So, 
LiH = -mR - (P-1 )6 V (5.14) 
in which mis the slope of the line given for 10 kbar experiments on Figure 5.6. 6H is considered 
to be constant for reaction (5.1 ), so a pressure of 10 kbar is used. Therefore 
LiH = -I 73739.59 Jmo1·1 
This value is for a 'Henry's Law' standard state, as described in Chapter 2, which is why it is such 
a large value. 
Through the combination of the parameters described above; lnK, Li V, LiS and 6H, the 
temperature dependence on Zr concentration in almandine garnet is described by 
T (oC) = 173739.59 + 3.24(P-l) _273 RlnK + 45.61 
h K a.,m . h. I X~ X, ·x, X X Zr d P . . b w ere = -a--· m w IC 1 a 7.r -alm = r'c Zr ~l Si' 7,r = T ' an JS ll1 ars. 
h·:tlnl 
(5.15) 
Application of this the1mometer is highly dependent on the precision and accuracy of 
measurement of Zr in garnet. 1t is necessa1y to obtain analyses from sensitive instruments such as 
LA-JCPMS, or ion probe. 1 lowever, even these techniques may not be enough to resolve differences 
of I or 2 ppm which may represent 50°C difference at lower temperatures and high pressures, as 
shown on Figure 5.7. This diagram gives isopleths of lnK with increasing P and T, as detennined 
from equation (5.15). The slope of lnK isopleths in Figure 5.7 indicates a marked pressure effect 
on the Zr concentration ofalmandine, as well as that of temperature. Low temperature, high pressure 
rocks, such as eclogites, will have Zr-poor almandine on the order of a few ppm only, whilst low 
pressure, high temperature garnets will be much more Zr-rich. 
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Figure 5.7 Contours ofl nK in P-Tspace from equation (5.15). assuming X alm = I. This diagram demonstrates 
the increasing Zr concentration of garnet coexisting with zircon and quartz. with increasing temperature and decreasing 
pressure. Numbers in bold give values oflnK, whereas numbers in brackets give corresponding concentrations of ppm 
Zr in almandine. The maximum stability limit of almandine at high temperatures and in the presence of metallic Fe is 
after Keesman et al. (197 1) and Hsu ( 1968). 
atural almandine-rich garnets commonly show solid solution with other end-members, 
such as grossular, pyrope and spessartine. Zr substitution in other garnet end-members has not 
been studied here, though such an investigation may be necessary in the successful application of 
this work to nan1ral systems. Jf pyrope or grossular-rich garnet compos itions give lower Zr 
concentrations, for example, then the Zr concentrations used here for specific P-T condi.tions to 
define equation (5.15) could be higher than those found in natural garnets, thus giving lower 
temperatures than actually obtained during metamorphism. Conversely, if the opposite is true, and 
pyrope and/or grossular garnet contain more Zr than almandine, the thermometer derived in this 
study may give higher than real temperatures. This is discussed further below. 
In addition to the influence of other end-men1bers on the Zr concentrations ofnatural garnets, 
the high degree of contamination, and therefore unrel iabi I ity of analyses from the experiments used 
to derive equation (5. l 5) may result in lower temperature estimates for real rocks. The Zr 
concentration of almandine for specific pressures and temperatures given in Table 5.2 may be 
incorrect. Despite these questions over the accuracy of the final thermometer, the experiments 
described in this chapter demonstrate that Zr increases with increasing temperature in a lrnandine 
garnet coexisting in equ ilibrium with zircon and qua11z. 
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Comparison of Zr-based and conventional garnet geotherrnorneters 
In order to test the applicability of the Zr-almandine thermometer to natural systems, Zr 
contents of natural garnets from a range of metamorphic terranes were studied. These natural 
garnets also have a range of compositions, largely varying within almandine-pyrope solid solution, 
with some in the grossular-andradite range. It was discussed above that the presence of garnet 
compositions other than almandine would change the Zr substitution of coexisting garnet-zircon-
qua11z equilibria. Without further experimental investigation beyond the scope of this study, it is 
difficult to rigorously quantify the effect of depa1tures in composition from the pure Fe2 ... system on 
Zr content in garnet. 
In equation (5.9), the activity of alrnandine was assumed to be I, given that only trace 
quantities of Zr were present in the garnets produced experirnentally in this chapter. ln natural 
rocks, however, it is highly unlikely that garnets of pure almandine composition will be encountered. 
Therefore K for the Zr-almandine them1orneter given in equation (5.15) becomes: 
a 
K = "'"' 
a Zr-aim 
r 1• Fe21 Assuming ideal mixing, a.Im= x;<) and x ·c = ----
Fe2+ + R2 .. 
Table 5.3 lists garnet endmember proportions, Zr concentrations, pressure and temperature 
estimates for a variety of natural samples, using equation (5.15). A comparison is made between 
the use of a3101 = 1, and a specific aalm for each garnet in Zr-garnet temperature estimates. The 
fonner, where aalm is assumed to be 1, is equivalent to there being no difference in the partitioning 
of Zr into garnet of different compositions. The second approach, in which a specific a
3 101 
is included 
in the activity coefficient for each gamet applies to the extreme (and unlikely) case that Zr only 
partitions into almandine, and not into other garnet end-member compositions. The major element 
compositions of garnet from each sample is given in Table 5.4. 
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Table 5.3 Comparison of temperatures obtained for garnets rrom Rogaland, the apier and Li.itzow-l-lolm 
Complexes and the Challenger Gneiss. using conventional and Zr-based thennometers. Temperature estimates obtained 
using equation (5.15) are given firstly with the assumption that X81m = I, and secondly using the measured X~1m of each 
garnet in activity calculations. Compositions of additional minerals used in conventional thermometry are given in 
Appendix E3. 
Zr in grt Assumed P T"C T"C T°C 
Sample (ppm) x . 1m (kba r) (conventional) (X31m= 1) {Xn1m) 
Rogaland 
HD98l l3A 11 0.70 8 725 3 637 675 
H098 122B 30 0.73 8 736 4 710 750 
1-1098126 24 0.76 8 704 .3 695 728 
H098 102B.H 80 0.60 8(> 865 .5 794 872 
Napier Complex 
7628 3262 245 0.46 10 1100 7 947 1103 
7628 3350 250 0.46 10 11007 95 1 1107 
Liitzow-Holm Complex 1 
R- 125 20 0.60 10 925 555 608 
Challenger Gneiss l 
AGT073 45 0.58 7.5 800 737 813 
I. All data for garnet from the Liitzow-Holm Complex from Fraser (1997) and Fraser et al., 
( 1997). Multiple thermometers used; see Fraser ( 1997) 
2. All data for garnet from the Challenger Gneiss from Tomkins (2002). Multiple thermometers 
used: see Tomkins (2002) 
3. Grt-Bt; Perchuck and Lavrent'eva ( 1983) 
4. Gn-Crd; Perchuck and Lavrent'eva (1983) 
5. Grt-Opx: Harley ( 1984) 
6. The as~umed pressure for sample I !09810213 is that consistent with M 1> as garnet is an M 1 
phase. However all major elements in this rock have re-equilibrated to high temperature M2 
conditions 
7. From Harley and Moroyoshi (2000). A I-pyroxene thermometry, and Hokada (200 I). 2-feldspar 
thermometry 
The temperature estimates for all garnets obtained using equation (5. 15) with the assumption 
that X31m = 1, are lower than those estimated by more conventiona l geothennometers (Table 5.3). 
In most cases, post-peak diffusion and re-equ il ibration can be ru led out as some garnets (discussed 
further below) preserve complex zonation patterns not consistent wi th the ind istinct zonation often 
associated w ith re-equilibration processes (Spear and Kohn , 1996). On the other hand, temperature 
estimates deri ved from equation (5. 15) in which the measured X nlm of each garnet is taken into 
account, are consistently higher than those in which X alm = l , and in some cases higher than the 
temperature estimates from conventional thermometry. Whilst the assumption that almandine is 
the only garnet end-member to incorporate Zr is undoubted ly wrong, thi s approach does appear to 
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give temperatures closer to estimates from conventional methods. Therefore in the discussion 
below on the relationship between Zr zonation in garnet porphyroblasts and changes in metamorphic 
grade, equation (5 .15) is applied using the Xalm of each garnet as measured (Table 5.4). 
The garnets that give the closest results to conventional temperature estimates are those 
from the apier Complex (samples 7628 3262 and 7628 3350 on Table 5.3). These are also the 
garnets with the lowest almandine contents. ot enough data was collected during this study to 
determine fully the effects of X alm on temperature estimates using the Zr-almandine thermometer, 
and whether or not there is a correlation between the amount of Fe in a garnet, and the accuracy of 
the thermometer. 
Table 5.4 Major element analyses of garnets from samples discussed in the text. 
Rogaland rapier Complex 
Sample H098113A H0981228 HD98126B HD981028 HD98102H 76283262 76283350 
Wt% 
Si0 2 37.0 1 37.71 36.88 37 .78 37.22 39.42 39.44 
T i0 2 0 0 0.04 0.09 0 0 0 
Al20J 21.75 21.97 20.7 1 22.61 23.06 23 .23 23 .32 
C r 20 3 0 0 0.08 0 0 0 0 
FeO 32.44 33.12 34.85 28.67 28.92 22 .53 22.27 
Yl nO 1.77 0.68 1.07 1.24 1.12 0.33 0 .19 
MgO 5.46 5.72 4.01 9.62 9.1 3 13.84 14.67 
Cao 1.63 1.12 2.06 0.64 0.53 0.75 0.2 1 
Na20 0 0 0.18 0 0 0 0 
KiO 0 0 0 0 0 0 0 
Total 100.05 100.32 99.88 100.65 99.98 LO O. I 0 100.09 
Xnlm 0.70 0 .73 0.76 0.60 0.62 0.46 0.46 
Xspss 0 .04 0.02 0.02 0.03 0.02 0.01 0.00 
Xry 0.2 1 0.22 0.16 0.35 0.35 0.51 0.53 
X,::ross 0.05 0.03 0.06 0.02 0.01 0.02 0.0 1 
Zr (ppm) 11 30 20 80 20-230 245 250 
App roximate d istance from t he Rogala nd Ano r thosite Complex (km): 
38 17 12 2 2 
The data on Table 5.3 also demonstrates that some garnets may retain their peak metamorphic 
Zr composition, even though the major clements have been thorougly reset. For example, the 
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temperature of l l 20''C proposed by Harley and Motoyoshi (2000) for the Napier Complex, was 
based on extrapolation from lower temperatures and an estimated degree of cooling. All Fe-Mg 
based thermometers give temperatures in the range 600-700°C for rocks such as those analysed 
here. The Zr-almandine thermometer, however, gives a temperature based directly on the measured 
Zr content of garnet coexisting with z ircon and quartz in samples 7628 3262 and 7628 3350, with 
no further assumptions or extrapolations to higher temperatures. 
Z r zonation patterns in natural garnets as an indicator of metamorphic grade 
Rogaland Metamorphic Aureole, SW Norway 
As desc1ibed in Chapter 4, the high grade metamorphic te1Tane of SW Norway (Fig. 4.1) 
comprises ortho- and paragneisses, calc-s ilicates and metapelites, a ll. affected by two main 
metamorphic events. The Svecono1wegian Orogeny (M 1) occurred around 1030 Ma (Bingen and 
van Breemen, 1998a,b; Chapter 6, this study) and affected rocks on a regional sca le. P-T conditions 
of 600-700°C and 6-8kbar were reached during this event (Jansen et al., l 985). M2 metamorphism 
was associated with intrnsion of the Rogaland anorthosite complex, resulting in the fo1mation of a 
- 30 kin-wide contact aureole. Contact metamorphic temperatures range from 700-750°C near the 
hypersthene line (Tobi et al., 1985) to as high as >900°C at the pigeonite-in isograd (Jansen et al. , 
1985), at a pressure of3-5 kbar (Hermans et al., 1976). 
Gamet fonnat ion in Rogaland occun-ed largely during M 1 (e.g. Kars et al., 1980), though 
some re-equilibration at M2 conditions is ev ident with in the contact aureo le (Jansen et al., 1985). 
Gamet composit ions in the pelitic rocks are generally almandine-rich , with a smaller pyrope 
component and negligible spessartine and grossu lar. Representative electron microprobe analyses 
are g iven in Table 5.4. 
Major elements show no zonation in garnet porphyroblasts compositions from the Rogaland 
metamorphic aureo le, however trace e lernents tell a different story. A series of garnet porphyroblasts 
from rocks - 50 km removed from the anorthos ite, to as c lose as - 5 km were analysed for Zr. 
Sample locations are shown in Appendix A. Not on ly do these garnets revea l an overall increase in 
Zr towards the anorthosite, coincident with an increase in metarr1orph ic grade. but many of the 
garnet porphyroblasts show internal zonation of trace elements, including Zr. 
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Sample HD98J l 3A was taken from rocks located 38 km from the anorthosite and associated 
contact aureole, and that were not affected by M 2 contact metamorphism. The major element 
composition of garnet porphyroblasts from this sample is given in Table 5.4, revealing that they are 
largely almandine-rich (Alm0.70Spss0.04Py0.21Grs0.05). Other minerals in the sample include quartz, 
biotite, hercynite spin el, magnetite, ilmenite, plagioclase, K-feldspar and zircon (see Appendix £3 
for mineral compositions). A traverse across a garnet porphyroblast shows no major element zonation 
(Fig. 5.8a). A continuous LA-JCPMS traverse of a garnet porphyroblast from sample HD98 l J 3A 
is given in Figure 5.8b (see Appendix C for analytical methods; the true Zr concentration in this 
continuous traverse is equal to the average of each spike and dip). A very slight zonation in Zr is 
apparent, from - I 0.5 pp1n Zr in the core to - 2.0 ppm Zr at the rims. As shown, this corresponds to 
a temperature range of - 670 to - 540°C, with the highest temperatures in the core of the garnet. 
This zonation pattern could indicate a number of P-T paths; if garnet growth continued during 
retrograde metamorphism, after peak temperatures were attained, a decrease in Zr content would 
be observed towards the rims of the porphyroblast. Alternatively, burial, with increasing pressure, 
would decrease the amount of Zr pa11itioned into garnet. Post-peak diffusion and re-equilibration 
may also have occurred. Burial and/or Zr diffusion during cooling are more likely than retrograde 
recrystallisation, as there is no evidence of retrograde reaction or alteration of the garnet. 
Similar major and trace element analyses revealed zonation of Zr in a garnet porphyroblast 
from site flD98 l 22, adjacent to the hypersthene line. Coexisting minerals include hercynite spinel , 
biotite, ilmenite, plagioclase, quartz, K-feldspar, sillimanite, graphite, sulfides, and retrograde 
cordierite, muscovite and zircon. This is the same sample discussed in Chapter 4 with respect to Zr 
budgets and zircon fonnation from the decompression reaction: 
garnet + sillimanite + quartz -+ cordierite + zircon 
in which coronas of cordierite and zircon were fonned around garnet. The core to rim zonation is 
shown in Figure 5.8c-d. Major elements shows no zonation whatsoever, and have the general 
proportions Alm0.73Spss0.olYo.22Grso.o3. As shown on Figure 5.8d, the trace element zonation is 
such that Zr increases towards the rim of the porphyroblast, which is the opposite trend to that 
observed from sample H098113A, which occurs at a much fut1her distance from the contact aureole 
(see Appendix A). The overall difference between core and rim in garnet from sample HD98122B 
is around 20ppm; a significant increase given that the highest concentration does not exceed ~35ppm 
Zr close to the rims. The lowest concentration of Zr in the core of the porphyroblast is 11 ppm. The 
experiments described in the previous section would suggest that this zonation pattern indicates 
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either increasing temperature or decreasing pressure during growth of the garnet. 
Application of the Zr-garnet thermometer (equation 5.15) demonstrates that the garnet from 
sample 1ID98l22B initially began to grow at - 670°C, wh ich was the main temperature for garnet 
growth in sample H098 l 13A during regional M 1 metamorphism. Increasing temperature resulted 
in increasing Zr contents, giving rise to internal zonation. The rims of the garnet shown on Figure 
5.8d give temperatures of up to 780°C at an assumed pressure of 8 kbar. However, the slopes of lnK 
contours on Figure 5. 7 indicate that an increase in the Zr content of garnet may also be associated 
with decompression. These rocks have already been shown to have undergone decompression 
(which resulted in zircon formation, as described in Chapter 4). Initially, uplift would have occurred 
without resulting in garnet breakdown, during which time the Zr content of that garnet would have 
increased. 
Sample H098 l 26B is from a garnet-bearing gran itic gneiss, closer again to the anorthosite 
than site J-1098122 (see Appendix A). The mineral assemblage of this sample is mag11etite, ilmenite, 
biotite, quartz and zircon (mineral compositions are given in Appendix E3). A representative major 
element garnet analysis is given on Table 5.4(Alm0_76Spss0_0ly0_1 6Grs0.06) , and shows no zonation 
(Fig. 5.8e). The Zr content of these garnets varies from 9 to 20 ppm Zr, with very slight zonation 
observed with increasing Zr towards the rims of the porphyroblast (Fig. 5.8t). The corresponding 
temperature profile gives conditions ranging from 630 to 710°C. 
Garnet porphyroblasts from rocks within 2 km of the Rogaland anorthosite complex, at site 
H.D98102 also show zonation of Zr (Fig. 5.8h) . The major element composition is 
Alm0_60Spss0_03Py0.35Grs0.02, with a mineral assemblage of 01thopyroxene, osumilite. hercynite spinel , 
ilmenite, magnetite, qua11z, plagioclase, K-feldspar, cordierite and zircon (Appendix E3). This is 
the same sample as that described in Chapter 4 (reaction 4. 1) in which garnet breaks down to 
osumilite and orthopyroxene. Zr concentrations in garnet from sample H098 l 028 range from - 35 
to - 80 ppm in the example shown on Figure 5.8h. Other garnets from this rock contain Zr 
concentrations as high as 120 ppm Zr. The range in temperatures corresponding to the zonation 
pattern given in Figure 5.8h, is from 800 to 870°C. This is simi lar to other temperature estimates 
for the rocks from site HD98 I 02, of around 850°C (see Chapter 4, and Holland et al. , 1996), and 
may reflect re-equilibration of the Zr composition to M : conditions, as this sample location is only 
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Figure 5.8 Major and trace element zonation in rim to rim traverses of garnet porphyroblasts across the 
Rogaland metamorphic aureole, with temperature profiles corresponding to variation in Zr content detem1ined from 
equation (5.15) in the text. a) major element zonation in a garnet porphyroblast from sample HD98113A: b) Zr 
zonation, and corresponding temperature profile. for the same garnet porphyroblast as in (a); c-d) zonation in garnet 
from sample HD98122B; e-f) zonation in garnet from sample HD981268; g-h) zonation in garnet from sample 
HD98102B. The assumed pressure in all temperature calculations for this diagram was 8 kbar; the pressure of M1 
metamorphism. 
JJ5 
Chamer 5 Game1-Zircon-Ouan1 Equilibria 
Figure 5.9 shows a garnet porphyroblast from another sample at site HD98 I 02, with much 
more complex zon ing than that seen in any of the examples described above. The rock in which 
this garnet (and others like it) occurs is from the same outcrop as the sample described above for 
Figure 5.8h. This sample (HD98 I 02lI) is more felsic than HD98 I 02B, containing less osumilite 
and orthopyroxene. 1t is possible that the garnet in this sample has not broken down to the extent of 
garnet in nearby rocks due to a lack of biotite and sillimanite, limiting the progress of garnet 
breakdown to osumili te and orthopyroxene (described in Chapter 4), via the 
reaction: 
garnet + biotite + quartz + sillimanite -+ osumi lite + 01thopyroxene + spine! + magnetite 
For this reason, more of the original garnet grown during M 1 is likely to have been preserved, 
which may include a complex interna l zonation no longer evident in other garnets that have suffered 
more extensive breakdown and re-equilibration. 
Figure 5.9 shows also that other trace clements such as medium and heavy REEs va1y 
systematically with the observed changes in Zr concentration. This pattern appears to be repeated 
to either end of the traverse (matching the large ' humps'). Without a comprehensive 20 image of 
Zr (and R EE) compositions across the entire garnet, it is difficult to correlate this with potential 
concentric zonation. Any zonation is unlikely to be perfectly preserved, as the garnet porphyroblast 
is no longer euhedral in shape, being inside the osumilite-in, garnet-out isograd and thus subject to 
the garnet breakdown described in Chapter 4. The fact that the REEs in the garnet shown in Figure 
5.9 follow the same pattern as that of Zr, which has been shown here to be a function of temperarure, 
suggests that REEs may also be sensitive trace element thermometers. Some recent work by Pyle 
and Spear ( l 999), Pyle el al. (200 I) and Kelly and l .larley (2002) is in agreement with this assertion 
though no experimental studies have yet been published. 
The large Zr peaks support peak metamorphic temperarures for this rock of up to - I 000°C, 
as shown by the corresponding line for temperature (Fig. 5.9). Conventional estimates for this area 
are between 850°C and 950°C, as d iscussed in Chapter 4 and shown on Table 5.3 fo r sample 
H 0981028, from the same outcrop. The Zr zonation pattern for this garnet reveals a history in 
which garnet grown under moderate metamorphic conditions was subsequently affected by high 
temperatures, followed by further growth and/or re-equilibration to lower temperarures, with 
preservation of the high Zr zone within the porphyroblast. This matches well with the previously 
established metamorphic history fo r Rogaland in which amph ibolite facies M 1 metamorphism was 
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Figure 5.9 a) sketch of garnet from sample LID98 I 02H, with corresponding zonation profiles. The thick black line 
gives the path of the LA-TCPMS continuous traverse, which was stopped short of the porphyroblast rim by the analysis 
timing mechanism on the laser. Small black inclusions are magnetite, whilst thin black lines represent fractures in the 
garnet porphyroblast. The traverse did not cross the entire garnet, as the collection of the analysis stopped just shon. 
The garnet sits in a quartz matrix; b) Zr(ppm) zonation in garnet (a) with corresponding variation in the temperature of 
garnet growth from equation (5.15); c) REE zonation in garnet (a) which shows the same zonation profile as Zr. Note 
the differences in scales and units for the two graphs: plot (c) is in raw counts from the LA-lCPMS, not ppm. 
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followed by intrusion of the igneous complex producing a broad UHT contact aureole in the 
surrounding rocks (M2). Despite this sample being within the garnet-out isograd, a lack of reactants 
has ensured that the garner has been preserved with it's prograde history intact. 
Napier Complex. Antarctica 
The Archaean Napier Complex underwent prolonged metamorphism at very high grades 
(Ellis, 1980; Sheraton et al. , 1980). Temperatures are estimated to have reached as high as 1100°C 
at pressures around 8-10 kbar (e.g. Harley and Motoyoshi, 2000; Hokada, 200 I). On a regional 
scale, distinctive high temperature assemblages are found, such as osumilite, sapphirine-quartz, 
orthopyroxene-sillimanite, spinel-quartz and metamorphic pigeonite. Many of these assemblages 
are found in the Tula Mountains, and in particular at Dallwitz Nunatak where the samples discussed 
here were collected by D. J Ellis and J. W Sheraton. High grade metamorphism was followed by 
isobaric cooling (Ellis, 1979; Harley l 985; Ellis and Green, 1985). 
Garnet in two samples from Dallwitz lunatak was analysed for Zr, and in particular, the 
presence of any zonation. The first sample (7628 3262) contains the mineral assemblage gamet-
sillimanite-K-feldspar-spinel-quartz-rutile-zircon, with retrograde cordierite and minor biotite. The 
compositions of these minerals are given in Appendix E3. A representative major element garnet 
composition is given in Table 5.4, with the end-member proportions Alm0 .46Spss0.0 1Py0.51 Grs0.02. 
The garnets from this sample are unzoned with respect to major elements (Fig. 5.1 Oa). LA-ICPMS 
analysis of garnet from this sample was performed as individual spot analyses, rather than as a 
continuous traverse such as those shown in Figure 5.8 for Rogaland . The reason for this was that 
the garnets from samples 7628 3262 and 7628 3350 were more poikiloblastic than those analysed 
from Norway, and a continuous traverse using LA-ICPMS would have been contaminated by 
numerous inclusions, thus partially obscuring any zonation patterns. 
The single spot analysis of a garnet core and rim (from sample 7628 3262, though not the 
same as the garnet shown in Fig. 5.10) gives 245ppm Zr in the core of the porphyroblast, and l 59 
ppm Zr at the rim. Therefore, unlike the zonation patterns observed in garnets from the Rogaland 
metamorphic aureole, garnet from apier Complex sample 7628 3262 has marked zonation 
decreasing from core to rim. The corresponding temperatures (using equation 5.15) are 1103°C for 
the garnet core , and I 041 °C for the rim. This is in good agreement with previous estimates for the 
1apier Complex. in which temperatures as high as 1100°C have recently been described in the 
literature (e.g. Harley and Motoyoshi, 2000; Hokada, 2001) using Al-pyroxene and feldspar 
thermometry respectively. 
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Figure 5.10 Zonation pattern in major elements and Zr for garnet porphyroblasts of the Dallwitz 'unatak 
metasediments, Antarctica. a) profile of major element changes across a garnet porphyroblast from sample 7628 3262; 
b) Zr zonation in the same garnet porphyroblast in (a), detected through a series of spot analyses using LA-lCPMS, 
revealing a decrease in Zr content and therefore temperature towards the rims of the garnet; c) major element composition 
of a garnet porphyroblast from sample 7628 3350; d) Zr zonation profile of the same garnet as (c), showing decreasing 
Zr concen1ra1ions (and associated temperature) towards the rim of the porphyroblast. 
The same zonation pattern is repeated in a seri es of spot analyses across another garnet 
porphyroblast in sample 7628 3262> as shown on Figure 5. l Ob. This more detailed traverse reveals 
more complex zonation than a simple decrease from core to rim. It appears that there may be some 
concentric zonation in this porphyroblast, though it is difficult to tel I from the small number of spot 
analyses obtained. For this garnet, Zr concentrations range from 58 ppm at the rim to 251 ppm in 
the Zr-rich zone, corresponding to temperatures of 914 and 1107°C respectively. 
Another sample (7628 3350) was also analysed for Zr concentrations in garnet. The 
mineralogy of this rock is gamet-sapphirine-sillimanite-osumilite-spinel-K-fe ldspar-quartz-rutile-
zircon (see Appendix E3). As shown in Table 5.4, the major element garnet composition is 
Alm0.46Py053Grs0.0P and with no apparent zoning (Fig. 5.1 Oc). Zr zonarion is observed, however, 
in a similar style to that described for sample 7628 3262 above, in which the Zr concentration 
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decrea cs towards the rims of rhe porphyroblast (Fig. 5.1 Od). The suggestion of more complex 
zonation doe not apply to this porphyroblast, a the Zr content of the garnet is fairly consistent 
( 185-168 ppm) throughout most of the interior of the garnet, except right at the rims ( 143-73 ppm 
Zr). These compositions con·espond to temperatures of I 060°C for the garnet core, and as low as 
940°C at the rim. 
The ubtle pattern of Zr zonation in apier Complex garnets is unlikely to reflect a pattern 
of primary growth. At such high temperatures, any fom1er Zr zonation in garnet would have been 
homogenised during peak metamorphism. Thus the relatively flat internal profile of Figure 5.1 Oct 
would have formed as the entire porphyroblast was equilibrated to - 1100°C. However the post-
peak history of the Napier Complex is one of prolonged isobaric cooling (e.g. Ellis, 1979; Harley, 
1985; Ell is and Green, 1985). During this time, temperatures would still have been high by the 
standards of most metamorphic terranes for hundreds of million of years. rn this environment, 
locali ed re-equilibration to cooler ambient P-T condition would result in a reduction of the Zr 
content at the rims of most garnet porphyroblast . Due to the generally large size of porphyroblasts 
in sample 7628 3262 and 7628 3350 however. the majority of the grain would be protected from 
re-equilibration. Such a zonation profile would be unlikely to develop in a rapidly uplifted and 
cooled terrane. 
ot only do these patterns of zonation described above for Rogal and and the apier Complex 
reveal information about the pro- and retrograde metamorphic history of a rock, but the changing 
garnet cornposition n1ust influence the stability of co-existing zircon. Garnet formed during prograde 
metamorphism must obtain Zr from other Zr-bearing mineral that break down during garnet-forming 
reactions, and c pecially the resorption of pre-existing zircon. Table 5.5 gives calculated radii of 
zircon resorbcd (as a single crystal) associated with the formation of garnet of a particular Zr 
concentration and ize. The radii of resorbed zircon were calculated from the equation given in 
Fraser et al. ( 1997): 
v = I 
(lZr]nnPm1V m1M;) 
p7M1..rX I 06 (5.16) 
for the volume of zircon produced from the breakdown of a Zr-bearing phase, whereY. = volume of 
7. 
zircon produced, [Zr]nn = Zr concentration in the reacting mineral (ppm), Pnn = density of the 
reacting mineral , V nn = the volume of the reacting mineral consumed during reaction, M /. = molar 
mass of zircon, p / = density of zircon, Mzr = molar mass of Zr. 
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Table 5.5 This table gives the calculated radius (in ~tm} ofa single zircon grain that would be totally resorbed 
to produce a range of Zr contents for different sized garnet porphyroblasts. 
Zr in Garnet (ppm) 
20 so 100 150 200 250 
,.-., 0.1 32.70 44.38 55.92 64.0l 70.46 75.90 E 
(.; 
'-' 
Cl) 0.2 65.40 88.77 111.84 128.03 140.91 151.79 :::l 
-e 
E 0.3 98.11 l 33.15 167.76 192.04 211.37 227.69 ..... u 
c: 
~ 0.4 130.81 177.54 223.68 256.05 281.82 303.58 0 
0.5 163.51 22 l.92 279.60 320.06 352.28 379.48 
The given zircon radii on Table 5.5 show that even though it has been shown here that the 
maximum Zr concentration at high temperarures found in either experimental or narural garnets 
coexisting with zircon and quartz is never higher than a few hundred ppm, a garnet porphyroblast 
of I cm diameter and containing 20 ppm Zr, for example (such as those found in sample HD98 J 22B) 
would resorb a 320µm diameter spherical zircon gra in. This is equivalent to the resorption of 35 
zircon grains of 50µm radius. 
Fraser et al. ( 1997) produced a plot showing the number of zircons of20µm radius produced 
from the breakdown of garnet of varying radii and Zr concentration (Fig. 5.11). This graph can be 
applied in reverse, in which the number of zircons consumed forms they axis, relative to the radius 
and Zr concentration of newly fonned garnet. 
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Figure 5.11 Plot from Fraser et uf. ( 1997) showing the potential volume of zircon produced from garnet 
breakdown, expressed as the number of spherical zircon grains. each with a 20~tm radius. This plot can also be used to 
determine the number of zircon grains that would be consumed to produce a garnet of specific size and Zr concentration 
(given in ppm adjacent the appropriate curve). 
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In the case of the s mall 20-50µm zircons found in many rocks from the Rogaland 
metamorphic aureole (and other metamorphic ten-anes), the growth of a l mm garnet grain, containing 
only 5ppm Zr, would be enough to resorb nearly 50% of a 50µm zircon, and all of a 20µm gra in , as 
shown below in Figure 5.12. 
extent of original 
metamorphic zircon growth 
amount of zircon remaining 
after resorption from garnet growth 
Figure 5.1 2 Zircon from sample HD98 122B, with a metamorphic rim and derrital core. The dashed line 
within the zircon represents the amount of zircon remaining after resorption due to growth ofa garnet IOmm in radius, 
and containing 5 ppm Zr. o metamorphic zircon rim would be preserved in this case. 
Following this reasoning, it is just as likely that new zircon will be formed during cooling 
from high temperatures, and be present as either very small metamorphic grains or fine rims on pre-
existing gra ins that have survived peak conditions. It is very impo11ant that these metamorphic 
overgrowths be interpreted conectly. In many cases it is highly likely that metamorphic zircon is a 
retrograde rather than prograde or peak metamorphic phase. 
The experimental equilibria defined above indicate that the reaction of Zr-bearing garnet 
and quartz to Zr-poor garnet and zircon is likely to be quite common in high grade, s low-cooled 
tetTanes such as the 1 apier Complex. It will be necessary in the future to conduct a more thorough 
experimental investigation of the garnet-zircon-quanz systems, including reversals, such that 
appropriate reaction textures can be documented and identified. 
Effects of melting on Zr partition ing in ga rnet 
The Zr content of garnet found in high grade pelitic gneisses at the Challenger gold deposit 
in the Gawler Craton, South Australia (Tomkins, 2002) has also been investigated. These garnets 
have the general composition Alm0.63 Py0.36 and coexist with plagioclase, K-feldspar, orthopyroxene, 
cordierite, qua1tz and biotite. Tomkins (2002) described the petrology of these rocks and also 
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canied out LA-ICPMS analyses of the garnets. The rocks at the Challenger deposit are thought to 
have been metamorphosed up to - 850°C and 7 .5 kbar, and to have undergone heterogeneous partial 
melting. The textural appearance of garnet is different in unmelted and melted areas of the rocks, 
though the major element chemistry is the same (Table 5.6). Garnet porphyroblasts associated with 
leucosomes in the partially melted rock are subhedra l and contain few inclusions, whereas garnets 
found in unmelted rock are extremely poikiloblastic , with numerous inclusions of qua11z, plagioclase, 
K-feldspar and biotite. Tomkins (2002) proposed that these two texturally distinct groups of garnet 
formed concurrently during the metamorphic history of the Challenger Gneiss, but from different 
reactions, one subsol idus and the other involving melt. 
Sample AGi-070 AGT-071 AGT-073 AGT-075 AGT-089 AGT-089 AGT-090 AGT-090 AGT-024 AGT-024 J\GT-009 J\GT-094 
\\11% poiko poiko poiko poiko poiko I cu co leuco lcuco leuco lcuco Ienco lcuco 
Si0 2 38.34 38.74 38.46 38.46 38.62 38.60 38.45 38.31 38.42 38.14 38.49 38.64 
Ti0 1 0 0 0.08 0 0 0.08 0 0 0.10 0 0 0 
Al 20 3 22.40 22.43 22.30 22.33 22.34 22.37 22.06 22.30 22.03 22.23 22.28 22.36 
Cr103 0 0 0.09 0 0 0 0 0.09 0.10 0.13 0 0.10 
FeO 28. 17 28.47 27.29 28.27 28.22 28.22 28.47 29.47 27.99 28.33 26.77 27.14 
:\tnO 0.76 0.58 0.64 0.64 0.52 0.42 0.49 0.52 059 0.66 0.42 0.54 
:\1i;:O 9.29 9.31 9.93 8.81 9.45 9.49 8.83 8.50 9.42 9.08 10.66 9.95 
CaO 1.00 0.84 0.82 0.87 0.80 0.87 1.08 0.96 1.08 1.04 0.81 1.09 
C\ap 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 () () 0 (l 0 0 0 0 0 0 0 
To1:1I 99.94 100.38 99.61 99.39 99.96 100.05 99.37 100.15 99.7J 99.61 99.43 99.SI 
x.,o, 0.60 0.61 0.59 0.62 0.61 0.61 0.62 0.64 0.60 0.61 0.56 0.58 
X,P'"' 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
XP~ 0.35 0.36 0.38 0.35 0.36 0.36 0.34 0.33 0.36 0.35 0.41 0.38 
~rO~\ O.o3 0.02 O.Q2 0.02 0.02 O.o2 O.o3 O.o2 O.Q3 0.03 0.02 0.03 
Zr (ppm) 21 37 45 -17 26 77 74 60 114 102 96 101 
Table 5.6 Major element analyses of garnets from the Challenger Gneiss. 'Poiko' refers to poikiloblastic 
g:lmcts, and 'leuco' refers to lcucosome garnets. described in the text. Analyses by Andrew Tomkins. 
Trace element analyses reveal a distinct difference in Zr content between the two garnet 
types. Poikiloblastic garnets away from areas of partial melting contain 8-46 ppm Zr (sample 
AGT073, Table 5.3 and all data, Table 5.6), whereas leucosome garnets contain around twice that 
much (20-115) ppm Zr; Table 5.6). In some samples that have undergone only a small amount of 
partial melting, both garnet types are present. The difference in Zr content is consistent even in 
those garnets in close proximity, though it is less marked than in other samples (e.g. sample AGT089, 
Tab le 5.6). Figure 5.13 demonstrates graphically the difference in garnet compositions. The garnets 
do not appear to be zoned in composition with respect to either major or trace e lements, which is 
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likely to be a function of garnet formation during one reaction only, and not gradually over time 
(Tomkins, 2002). 
The difference in garnet trace element compositions can be exp lained by the different 
environments and processes by which the two garnet types have formed. Poikiloblastic garnet 
formed by pure ly solid-state processes, whereas non-poikiloblastic garnets found in leucosomes 
grew in the presence of a melt. Therefore the buffered solid-state reaction (5.1 ), for which the 
experiments described above were designed to test and constrain, does not apply to garnets found 
in leucosomes in the Chai lenger Gneiss. The poikiloblastic garnets contain at most 46 ppm Zr, and 
give a maximum temperature of 8 l3°C from equation (5.15). The maximum temperature obtained 
from the Zr content of leucosome garnets (with 115 ppm Zr) is higher, at 905°C, even though 
detailed peh·ological and geochronological investigation (Tomkins, 2002) determined that the two 
garnet types had fonned at the same time and P-T conditions. The higher temperature cannot be 
correct as equation (5. J 5) was derived for solid-state equilibria, in which the Zr content of garnet is 
buffered by the presence of zircon and quartz, and the activity of qua11z is 1.0. f n cases where a 
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Figure 5.13 A comparison berween poikolobla tic (purple) and leucosome garnets (red) from the Challenger 
Gneiss. Analyses by Tomkins (2002). Those garnets grown in the presence of a melt (leucosome) contain more Zr than 
those formed during a melt-absent reaction at the same P-T conditions. 
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The evidence presented here from tbe Challenger Gneiss therefore limits the applicability 
of the Zr-garnet thermometer quite substantially. The presence of garnet in association with 
migmatites is a common fean1re of high grade metamorphic rocks. However these garnets will 
contain more Zr and therefore give higher temperatures than garnet in associated unmigmatised 
rocks. A thorough understanding of the different garnet-producing reactions and petrological setting 
of potentially Zr-bearing garners is therefore necessary in the successful application of equation 
(5. 15). 
Summary and Conclusions 
Experimental work in the system almandine-qua1tz-zircon reveals a temperature dependence 
on the Zr content of garnet in the presence of zircon and quartz. This relationship has been used in 
this study to describe a new trace element geo-thermometer based on Zr concentrations in almandine. 
The application of rhis thermometer to natural garnets with impure compositions gives lower 
temperatures than other more conventional methods. For garnets with dominantly almandine-
pyrope_s, a direct relationship between decreasiJ1g ternperature estimates and XPY has been established 
and can therefore be con-ected for. A similar relationship for other garnet end-members has not 
been defined here. Therefore further work is needed to quantitatively constrain the effect of pyrope, 
grossular and other garnet end-members on the Zr contents of garnet. An experimental study of 
this type has never before been published for solid-state equilibria. The resu lts obtained here clearly 
demonstrate the usefulness and wide range of applications inherent in such an investigation. 
In addition to novel trace element thermometry, this study demonstrates the association 
between changes in Zr content and relative changes in metamorphic conditions throughout the 
growth history of a garnet porphyroblast. The resulting zonation patterns are preserved even through 
high-grade metamorphism, though not to UIIT conditions such as those experienced in the Tapier 
Complex. Zr zonation patterns reveal a history of zircon growth and resorption previously 
unidentified in metamorphic rocks. Clearly the composition and stability of major rock-forming 
phases such as garnet has a measurable influence on the growth and stability of zircon. 
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Chapter 6: 
Geochronological investigation of zircon formation during 
decompression in Rogaland, SW Norway 
Introduction 
Zircon-forming reactions involving garnet breakdown during metamorphism have been 
described in Chapters 4 and 5. Cn this chapter, the U-Pb geochronology of those zircons is investigated 
in order to constrain the timing of the reaction: 
Zr-garnet + sillimanite + quartz -+ cordierite + zircon (6.1) 
and therefore date the exact timing of decompression in the Rogaland metamorphic aureole. 
As described in Chapter 4 , the Rogaland metamorphic complex experienced two main 
metamorphic events. The first, M 1 (the Svecono1wegian Orogeny), occurred on a regional scale 
and is characterised by P-T conditions of 6-8 kbar and 600-700°C (Jansen et al., 1985). Various 
geochronological studies have defined the age of Sveconorwegian metamorphism as between I 050 
and I 000 Ma (Pasteels and Michot, 1975; Wielens et al. , 1981; Bingen et al., 1993; Bingen and van 
Breemen, l 998a, l 998b ). Some previous work has also revealed evidence for metamorphic events 
older than the Sveconorwegian Orogeny. These are briefly described in the literature and labeled 
variously as the Svecokarellian or Svecofennian Orogeny, with ages from 1650-1850 Ma (Falkum, 
1985; Pasteels and Michot, 1975). 
M2 contact metamorphism was a direct result of intrusion of the Rogaland anorthosite 
complex, which has an age between 920 and 930 Ma (Duschesne et al. , 1993; Scharer et al., 1996). 
M2 metamorphic ages have also been described in the augen gneisses by Bingen and van Breemen 
(1998b) , where monazite fom1ed along with cli nopyroxene from hornblende breakdown between 
925 and 930 Ma. Cooling (through 610°C) from M2 is evidenced by matrix and inclusion titanite 
ages of 918 ± 2 Ma (Bingen and van Breemen, I 998b). 
The sample examined in this chapter (HD98 l 22B) is from an outcrop of metapelite located 
north of the anorthosite complex near the hypersthene line (see Chapter 4; Fig. 4. 1 ), and is the same 
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sample discussed in Chapter 4 . The assemblage in this rock is garnet-biotite-spinel-cordierite-
si llimanite-quartz-zircon. Gamet originally formed during the higher pressure M 1 event, but then 
became unstable during subsequent decompression. As described in detail in Chapter 4, textures 
indicative of reaction (6.1) are observed in sample HD98 l 22B. The zircon fonned during this 
reaction is the focus of geochronological investigation in this chapter. 
Methods 
Zircon U-Pb and Pb-Pb ages for Rogaland sample H098122B were measured using the 
S.l-:IRIMP H, following the methods outlined in Chapter 3. Standard z ircon AS3 (radiogenic 206Pb/ 
238U = 0.1859) was employed in place of 'Temora' . Two mounts were made for analysis; one 
containing chips of thin section, extracted by the methods described in Chapter 3; and another of 
zircon extracted from the same rock sample by standard heavy mineral separation techniques. 
Common Pb for all zircons (standards and unknowns) was corrected using 204Pb, 207Pb or 208Pb, 
assuming that Pb to be laboratory-derived and of Broken Hill ga lena composition. Add itional trace 
element data were obtained using LA-lCPMS, following the methods outlined in Appendix C, and 
employing Si02 and Zr02 as internal standards for garnet and zircon respectively, derived from 
electron probe analyses. 
Isotopic and trace element chemistr y of Rogaland zircons 
Three types of zircon were recognised in the Rogaland metapelite thin sections - detrital 
zircon, metamorphic zircon in the matrix minerals, and metamorphic zircon in cord ierite reaction 
rims on garnet. Each zircon type has a distinctive zon ing pattern and range of chemical and isotopic 
compositions. The Type 1, II and l1I classification scheme is similar to that used for Napier Complex 
zircons in Chapter 3. 
Type I: Detrital zircon 
The first type of zircon has fine euhedral (magmatic?) internal zonation, and is distributed 
throughout the matrix of the sample in no particular association with any other mineral. The grains 
may occur as inclusions in garnet, s illimanite, qua1iz or cordierite. They are commonly strongly 
rounded, as might result from abrasion during transport and sedimentation , and are usually surrounded 
by a rim of metamorphic zircon (Type II or lll , described below) which truncates the pre-existing 
127 
Chapter 6 The Aae of Decompression. in Rogaland 
euhedral zonation (Fig. 6.1 a,b). These features are consistent with the Type I zircon being detrital 
grains from the original pelite. 
Five Type 1 grains were analysed in thin section (Fig. 6.2, Table 6 .1 ). Their U contents 
range from 288 to 674 ppm, and Th/U from 0.15 to 0.61, which may be consistent with these grains 
originating as detritus from several different igneous source rocks. Their 207Pb.12°6Pb apparent ages 
range from - 3.05 to - l.34 Ga. Analyses of two of the youngest grains are concordant and yield the 
same radiogenic 207Pbl2°6Pb age within the analytical uncertainties, 135 l ± 56 (2cr) Ma (Fig. 6 .2). 
One other analysis plots close to these but is - 15% discordant, the grain probably being - 1.5 Ga 
old. The last two analyses are - 20 and - 30 % discordant respectively, so the ages of those grains 
are relatively poorly constra ined. The 207 Pbl2°6Pb gives minimum ages of - 2.60 and - 3.05 Ga. 
Several other possibly detrital grains appear to have been partly recrystallised. Evidence 
for this is present in the form of blun-ed or indistinct magmatic zoning, and a heterogeneous or 
patchy variation in the CL signal (Fig. 6.1 c,d), as described by Pidgeon ( 1992) and Hoskin and 
Black (2000). Jn most cases the isotopic compositions of these grains yield ages younger than the 
other clearly defined Type I grains. The rec1ystallised grains also have generally higher U contents 
(422-1323 ppm) and similar or lower Th/U (0 .01-0.51). Accumulated radiation damage due to 
high U possibly increased the susceptibility of these grains to rec1ystallisation , and the low Th/ U is 
possibly one of the effects. AU the isotopic compositions are concordant with in analytical uncertainty, 
with 206Pbl238U ages giving the most reliable results. l:fowever the age(s) of recrystal.lisation is 
nevertheless poorly defined as the 206Pbl238U apparent ages of the grains range from 1320 ± 15 (cr) 
to 905 ± 18 (cr) Ma without clustering (Fig. 6.3). The youngest of the recrystallised grains is an 
inclusion in garnet, giving an age of983 ± 21 (cr) Ma. Either rec1ystallisation of this grain occurred 
prior to garnet growth or whilst the zircon was included in the garnet. Th is grain may potentially 
constrain the duration of garnet growth and therefore M1 metamorphism, however given the spread 
in apparent ages ofrecrystallised grains, this is unlikely. It is more plausible that the apparent ages 
of recrystallised zircon reflect different degrees of isotopic resetting of older grains of a range of 
ages, and that the recrystallisation occuITed at the age of the youngest grain, - 910 Ma. 
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Figure 6.1 CL images of representative zircons from sample HD98 I 228. a) Type I detrital zircon with 
oscillatory zoning; b) zircon inclusion in garnet, with Type I detrital core and Type IL metamorphic rim; c) Type II? 
metamorphic zircon with recrystallised core showing indistinct remnant oscillatory zoning; d) recrystallised zircon 
with heterogeneous CL signal and no clear zonation; e) Type II zircon in matrix quartz showing two distinct growth 
zones, each with a homogeneous CL signal. The brighter of these co1Tesponds to the low U rims discussed in the text; 





Table 6. 1. U-Pb SI IRIM P analyses for sample 11098 1228 , from Rogaland, SW Norway. 
u Th Apparent Age (Ma) Inferred 
Analvsis Description (ppm) (ppm) Th U :MPb '~Pb .:o7 Pb '::ot>Pb* ~'Pb ~"''Pb• 'O'Pb ' 1?Th• :."'Pb 'i"u• M.'Pb 'mTh '°"Pb '2~'U ''1:Pbl:n- Pb Aµ,c (Ma) 
Type I: De1riwl :1rco11 
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M4.4 1w·1yswllised 898 
CIO.I recryswllised 1227 
C27. I recrystallised 422 























Type II: Mew111orpl11c :1rco11 111 matrix 111111ert1/~ 
G6.3 111e1lm1orphic 1338 I 00 0.075 
M 5.1 mewmorphic 1277 52 0.041 
M14.I 1/1(!/(l/l/()l"flhiC 1372 91 0.066 
.\114.2 metamorphic 738 16 0.022 
M 14.3 1/11!/(JlllOl'flhiC 14 71 58 0.039 
Type Ill: Zircon i11 cordierit(• 
C 1.2 111eta1110171hic 13 71 
Cl.5 111eto1110111hic 1308 
C2.2 111(!1<1111orphic I 094 
C3. I 111(!1<1111flr11hic 919 
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0.0682 .l 0.002 0.0 I 05 .i 0.003 0.02371 0.007 0.1640 .1 0.004 473 l 139 
0.0738 .t. 0.001 0.0197 J 0.00 I 0.0556 J. 0.003 0.1843 .1 0.003 I 094 l. 62 
0.0757 J. 0.001 0.0263 l 0.002 0.0504 j 0.004 0.1748 .1 0.002 994 l. 73 
0.0854 .1. 0.002 0.2089 0.004 0.0927 .i. 0.002 0.2273 .1 0.003 1791 J. 43 
0.0672 .1. 0.002 0.0636 - 0.006 0.0427 j 0.004 0.1508 .l 0.003 846 ..l 78 
0.0812 ± 0.003 0.0035 - 0.00 I 0.0483 t 0.016 0.1920 l 0.006 954 .l 305 
0.0737 1 0.002 0.0269 J. 0.002 0.0645 .. 0.007 0.1799 i 0.003 1264 ± 126 
0.0680 .l 0.001 0.0107 l 0.001 0.0426 J. 0.005 0.1613 ..t. 0.002 842 ± 106 
0.0755 .t. 0.002 0.0227 i 0.003 0.0511 1 0.008 0.1498 - 0.002 I 008 l. 146 
0.0721 .l 0.002 0.0017 l 0.002 0.0132 J 0.019 0.1646 - 0.003 264 l. 366 
0.0733 ± 0.001 0.0104.10.002 0.0460 l 0.007 0.1740 i 0.002 909 J. 137 
0.0742 ..l 0.00 I -0.0007 1 0.00 I -0.0344 J. -0.066 0.1754 .t 0.003 
0.0735 J. 0.002 0.0007 .1 0.002 0.0153 .1 0.042 0.1749 J. 0.005 307 ± 820 
0.0773 J. 0.00 I 0.1380 1 0.002 0.0653 1 0.002 0.1939 .l 0.002 1279 ± 42 
0.0765 .! 0.00 I 0.0054 1 0.00 I 0.04 77 l 0.004 0.15 74 .1 0.002 942 .! 85 
0.0704 .l 0.004 0.0304 l 0.008 0.0431 1 0.012 0.1558 .l 0.003 852 1 229 
979 j 21 
1090 j 15 
1039 .i. 12 
1320 i 15 
905i 18 
1132 .l 31 
1067 .l. 14 
964 - 13 
900 .1: 10 
982 .I. 17 
1034 ~ 13 
C7. I 111e1amm11hic 73 7 I 00 0.136 I 044 0.0699 .t 0.004 0.0395 .t. 0.008 0.0450 .t. 0.009 0.1553 .l 0.004 890 l. 174 
1042 l 15 
1039 .i 30 
1143 .t. 13 
942 1 14 
933 .I. 16 
931 .l 22 
1136 ± 19 C8.4 me1amo1phic 1613 51 0.032 23014 0.0746 .l. 0.002 0.0075 1 0.001 0.0457 1 0.008 0.1926 .l 0.004 904 .l 146 
All unccnaintics arc Io. •corrected for common Pb u~ing :iMpb and the Pb eompo~i11on of Broken I 1111 galem1 
135L 30 
1344 1 77 
3053 .I. 67 
1517 .1 99 
2597 l 95 
!(74 J 56 
1037 1 32 
1086 .l. 34 
1324 1 54 
844 l 71 
1226 .t. 68 
1033 I 50 
868 .I. 30 
1082 41 
989 i 46 
1023 .!. 39 
1046 1 37 
1028 1 61 
1129 1 34 
1107 .!. 36 
941 1 114 
925 .l 129 
1057 J 51 
1352 l 30 
1344 J 77 
3053 l 67 
1517 l 99 
2597 l. 95 
983 ! 21 
1093 I 15 
1037 l 12 
1324 i 54 
908 l 18 
1233 1 67 
1068 14 
965 13 
1082 J. 41 
982 4 17 
1034 1 13 
1041 t 15 
1040 J 30 
1143 j 13 
1107137 
933 .i. 15 
931 .i. 22 






























Table 6.1 Continued. '°' 
u Th Apparent Age (Ma) Inferred 
Anal~sis Descriet ion (ppm) (ppm) Th/U 206Pb/204Pb :w1Pb/201.Pb 208Pb/20<'Pb 20·~Pb/mTh 20l'Pbf23SU 2ospb/2'2Th 206Pb/mu 207Pbt206Pb Age (Ma} 
Type 111: Zircon in cordierite 
CI0.3 111e1<11110tphic 748 35 0.047 9586 0.07 19 ± 0.001 0.0780 ± 0.00 I 0 0291 ± 0.005 0. 1745 ± 0.004 580 ± 108 1037 ± 23 983 ± 39 1039 ± 23 
CI0.4 111ew111orphic 816 39 0.048 7906 0.0707 ± 0.00 I 0.0114 ± 0.002 0.0382 ± 0.006 0.1607 ± 0.002 758 ± 123 959 ± 14 950 ± 31 959 ± 14 
CI0.5 111e1m1101phic 211 93 0.441 3932 0.0693 ± 0.003 0.1316 ± 0.009 0.0466 ± 0.003 0.1571 ± 0.004 921 ± 67 941 ± 23 909 ± 92 942 ± 23 
Cl I.I 111e1a111orphic 511 207 0.405 2080 0.0667 ± 0.004 0.1072 ± 0.010 0.0418 ± 0.004 0.1582 ± 0.003 826 ± 77 947 ± 17 827 ± 117 951 ± 17 
Cll.2 mewmorphic 564 70 0.124 8034 0.0728 ± 0.003 0.0463 ± 0.004 0.0606 ± 0.008 0.1614 ± 0.003 1190 ± 147 965 ± 14 1009 ± 66 963 ± 14 
Cl2.I melamorphic 737 135 0.183 6653 0.0718 ± 0.002 0.0519 ± 0.003 0.0464 ± 0.003 0.1641 ± 0.003 916 ± 19 980 ± 16 979 ± 47 980 ± 16 
Cl3.I 111e1m11orphic 734 13 0.018 16528 0.0697 ± 0.00 I 0.0027 ± 0.002 0.0237 ± 0.016 0.1599 ± 0.002 474 ± 317 956 ± 14 921 ± 41 956 ± 14 
Cl5.2 111eU1111orphic 1111 24 0.022 17513 0.o7 I 3 ± 0.003 0.0049 ± 0.003 0.0352 ± 0.023 0.1572 ± 0.003 698 ± 450 941 ± 16 965 ± 84 942 ± 16 
C25.I 111e/0111orp/iic 1652 116 O.Q70 12561 0.0774 ± 0.001 0.0196 ± 0.001 0.0466 ± 0.003 0.1679 ± 0.002 921 ± 62 1000 ± 12 1132 ± 25 1132 ± 25 
C25.3 111e10111orphic 393 84 0.214 24807 0.07 10 ± 0.001 0.0619 ± 0.003 0.0462 ± 0.002 0.1591 ± 0.003 912 ± 43 952 ± 18 957 ± 37 951 i 19 
C25.3 111 e1<1111orphic 696 43 0.062 15678 0.0696 ± 0.00 I 0.0147 ± 0.002 0.0384 ± 0.006 0.1620 ± 0.003 762 ± 120 968 ± 16 918 ± 33 970 ± 16 
Grai11 Mo11111: dell'ilal :--i 
1228-2.1 195 169 0.867 
:::;..; 
detrilal 16293 0.1053 ± 0.001 0.2671 ± 0.003 0.0911 ± 0.002 0.2960 ± 0.003 1763 ± 29 1672 ± 15 1719 ± 22 1719 ± 22 ~ 
1220-4.1 d<?lriwl 207 99 0.478 7469 0.1 195 ± 0.002 0.1416 ± 0.004 0.1009 ± 0.003 0.3403 ± 0.002 1943 ± 53 1888 ± 9 1948 ± 33 1948 ± 33 > 
12213-8.2 dell'ilal 229 133 0.581 121227 0.0960 ± 0.00 I 0.1739 ± 0.003 0.0824 ± 0.002 0.2764 ± 0.004 1598 ± 39 1568 ± 19 1548 ± 22 1548 ± 22 ~ :::> 
12213-9.1 de1riwl 402 440 1.095 50000 0.1016 ± 0.001 0.3449 ± 0.002 0.0857 ± 0.001 0.2721 ± 0.003 1661 ± 22 1552 ± 14 1653 ± 12 1653 ± 12 t) 
1228-11.1 de1rital 177 141 0.797 50000 0.0978 ± 0.002 0.2454 ± 0.004 0.0782 ± 0.002 0.2550 ± 0.005 1522 ± 43 1464 ± 26 1583 ± 29 1583 ± 29 ~ ('°') 
122B-18.I de1ri/al 358 171 0.478 574 0.0883 ± 0.017 0.1835 ± 0.034 0.0656 ± 0.014 0.1706 ± 0.004 1284 ± 260 1016 ± 24 1390 ± 422 1390 ± 422 g 
s 
... 
1228-1.1 rec1yswllised 359 12 1 0.337 48527 0.0736 ± 0.001 0.1032 ± 0.002 0.0535 ± 0.00 I 0.1 745 ± 0.002 1054 ± 22 1037 ± 10 1030 ± 34 1037 ± 10 ~ :.., :.., 
1228-1.2 /"l!CIJ'S/(/ I lised 330 173 0.524 7587 0.0737 ± 0.002 0.1581 ± 0.003 0.0524 ± 0.001 0.1739 ± 0.003 1032 ± 27 1034 ± 17 1033 ± 42 1034 ± 17 -· g 
12213-15.1 rec1J1s1C11/ised 213 92 0.432 6046 0.0688 ± 0.001 0.1257 ± 0.004 0.0475 ± 0.002 0.1624 ± 0.002 937 ± 30 970 ± 13 892 ± 43 973 ± 13 ~· 
/\II uncertainties arc I(). *Corrected for common Pb using ~°"Pb and the Pb composition of Broken Hill galena. ~ 
~ 






Table 6.1 Continued. 
u Th 
Anal:rsis Description (ppm) (ppm) Th/U 206Pb/2().l l>b 207Pb/ 21)(\Pb w' Pb/206Pb 2<1Xpb/21~Th ~Cl('Pb/238U 
Gmi11 Mo1111/: melamorphic 
I 228-3. I 111ela111orp/iic 654 95 0.145 50000 0.0740 ± 0.00 I 0.0463 ± 0.001 0.0553 ± 0.002 0.1742 ± 0.002 
I 2213-5.2 111eu1111orphic 371 191 0.515 842 0.0768 ± 0.003 0. I 728 ± 0.006 0.0570 ± 0.002 0.1703 ± 0.003 
I 228-6.1 111eta111orµhic 1416 43 0.030 50000 0.0730 ± 0.000 0.0088 ± 0.001 0.0483 ± 0.004 o. 1660 ± 0.001 
1228-7.1 metamorphic 1598 19 0.012 24805 O.Q?I I ± 0.001 0.0035 ± 0.001 0.0492 ± 0.007 0. 165 I ± 0.002 
12213-8. I 111etw1101phic 1892 10 0.005 1395 0.0713 ± 0.001 -0.00 I 0 ± 0.002 -0.0280 ± -0.057 0.1495 ± 0.00 I 
1228-10.1 111e1<111101ph ic 2993 73 0.024 10911 I 0.0747 ± 0.000 0.0073 ± 0.000 0.0515 ± 0.001 0. I 724 ± 0.001 
12213-12.1 111e1<11110111hic 800 357 0.446 26926 0.0729 ± 0.00 I 0.1356 ± 0.001 0.0529 ± 0.001 0.1742 ± 0.002 
1228-14.1 fllC'f(ll/IOl'jJhic 963 29 0.030 9684 0.0704 ± 0.00 I 0.0094 ± 0.00 I 0.0487 ± 0.005 0.1545 ± 0.002 
1228-15.2 met a 1110111'1 ic 863 114 0.132 24852 0.0713 ± 0.001 0.0409 ± 0.00 I 0.0495 ± 0.00 I 0.1602 ± 0.001 
1228-16.1 1/1(!((/l/l()l'jJhic 1501 205 0.137 3136 0.0712 ± 0.001 0.04167 ± 0.00 I 0.0454 ± 0.00 I 0.1490 ± 0.001 
1228-17.1 metamorphic 1492 18 0.012 4522 0.0738 ± 0.00 I 0.0040 ± 0.00 I 0.0554 ± 0.012 0.1650 ± 0.001 
/\II uncertainties arc lo. •corrected for common Pb using -""Pb and the Pb composition of Broken I l ill galena. 
Apparent Age (Ma) Inferred 
lONPb/232Th lO('Pb/2)'u 201Pbi206Pb /\gc {Ma} 
1087 ± 31 1035 ± 10 1041 ± 24 1035 i 10 
1120 ± 46 1014 ± 16 1116 ± 66 1009 ± 16 
953 ± 81 990 ± 6 1013 ± 12 989 ± 6 
971±126 985 ± 9 959 ± I 6 987 ± 9 
898 ± 7 966 ± 29 994 ± 20 
1016 ± 26 1025 ± 4 1061 ± 6 1023 ± 4 
1041 ± 17 1035 ± 11 1012 ± 13 1036 ± 11 
960 ± 92 926 ± 9 940 ± 19 926 ± 9 
977 ± 20 958 ± 6 967 ± 15 957 ± (j 
897 ± 28 896 ± 6 962 + 20 962 i 20 































































4.00 4.50 5.00 
e Type I (detrital) 
• Type I (recrysta llised) 
e Type II (matri x metamorphic) 
Type Ill ( in crd) 
5.50 6.00 6.50 7.00 
Figure 6.3 Tera - Wasserburg concordia for zircon ages from the thin section chips, in the range 900 to 1600 
Ma, differentiating Type J detrital, recrystallised Type I, Type II matrix metamorphic and Type Ill metamorphic zircon 
in cordierite. 
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Type II: 1i-fetamorphic zircon in matrix minerals 
Metamorphic zircon (Type II) occurs throughout the matrix of the rock in no particular 
mineral association or specific texniral setting. Some occurs as inclusions within minerals such as 
garnet and sillimanite, which form part of the M 1 paragenesis (Fig. 6.1 b). Type II zircon grains are 
mostly small (10-50 ~trn) , well rounded, and some contain Type I cores. This metamorphic zircon 
commonly has ve1y weak, homogeneous CL, but some Type II zircon is surrounded by a very thin 
CL-bright (and presumably lower U) rim (Fig. 6.1 c) that is too fine to analyse with the 10 µm 
SHRIMP lI primary beam. 
Five Type n grains were analysed. Their U contents (738 - I 47 I ppm) are higher than in the 
detrital zircon, and Th/ U on average much lower (0.02 - 0.07). Such low Th/U is a widely-observed 
feature of metamorphic zircon grown under high-grade conditions, particularly in metasediments 
(Wi ll iams and Claesson, 1987; Williams et al., 1996; Robb et al. , 1999). The metamorphic zircon 
(both Types II and Ill) in this rock is unusual. however, in that the radiogenic Pb is heterogeneously 
distributed on a very small scale. This variation was manifest as rapid flucruations in Pb secondary 
beam stTength during analysis, the level and frequency of fluctuation relative to primary beam 
penetration rate suggesting heterogeneities of up to 20% on a scale of< I 00 nm. This made accurate 
determination of the Pb isotopic compositions by peak switching ve1y difficult and increased the 
ana lytical uncertainties. Such heterogeneity is a rare feature of zircon subjected to extreme 
metamorphic conditions. In the present case it is considered unlikely to be symptomatic of isotopic 
disturbance as most analyses are COf1COrdant and the consistency in the Pb/U suggests little, if any, 
net radiogenic Pb loss. With few exceptions, therefore, apparent ages based on radiogenic 206Pb/ 
:mu are considered the most reliable, rather than 207 Pb/206Pb ages which are entirely dependent on 
the measurement of isotopic Pb. 
Five analyses were insufficient to date the Type II zircon precisely, pa1ticularly as one 
analysis was 17% discordant and there was a significant difference in radiogenic 206pbf238U between 
the other four (Fig. 6.3). The apparent ages, however, fall into two groups (- l.05 and ~0.97 Ga), 
both significantly younger than all of the detrital grains. One of the analyses (06.3) is of a Type 11 
zircon inclusion in a garnet, and therefore must have formed either before or during M 1 
metamorphism. The apparent age of this zircon is 1068 ± 14 (cr) Ma. 
Type Ill: Metamorphic zircon in cordierite 
The third texturally-defined zircon type, and principal focus of the present srudy, is 
metamorphic zircon included in seconda1y cordierite reaction rims around garnet (Fig. 6.1 f) . It is 
134 
Chamer 6 The Age of Decompression in Roga!and 
only this textural setting that distinguishes Type Ill zircon from Type II. ln size, morphology, 
zoning and CL response the Type III zircon is the same as Type 11, even to sometimes having Type 
1 cores and/or very thin CL-bright rims. 
Eighteen Type III grains were analysed for U-Th-Pb isotopes. U contents range from 211 to 
I 652 ppm. Th/U is 1T1ostly low to very low (0.2 - 0.004), but in some grains reaches 0.44. With two 
exceptions the isotopic compositions are concordant within analytical uncertainty, but there is a 
wide range in apparent ages, from 1.14 to 0.93 Ga. There is no correlation between apparent age 
and Th/ U. however. 
The analyses fall into three age groups, 4 grains (two of which are strongly discordant) at 
- 1.14 Ga, 3 grains (one of which is discordant) at - l.05 Ga and 11 grains at-0.96 Ga (Fig. 6.3). 
The two younger groups have the same ages as the two groups of Type CI zircons. As it is most 
unlikely that zircon growth by reaction (6.1) spanned as much as 100 m.y., this range of apparent 
ages is interpreted to indicate the preservation or partial preservation of zircon that was fo1merly in 
the garnet as the decompression reaction to form cordierite plus zircon took place. Similarly, some 
late metamorphic zircon fonned in the matrix. The analyses of zircon Types II and Ill can therefore 
be combined to obtain best estimates of the ages of the three groups. Considering first the oldest 
group, pooling the 206Pb/238U ages from the two discordant analyses yields a weighted mean age of 
1137 ± 30 (tcr) Ma. Similarly, the one discordant and five concordant analyses in the youngest 
group, dominated by analyses of zircon included in cordierite, are concordant and equal in radiogenic 
206Pbl238U within uncertainty. Assuming concordance, and therefore correcting for common Pb 
using 207Pb, the weighted mean radiogenic 206Pb/238U, 0.16023 ± 0.00079 ( cr), gives an age of 
958.1 ± 9.6 (tcr) Ma. 
Grain mount zircons 
The zircon grains separated by conventional crushing, sieving and heavy liquid separation, 
and prepared as a grain mount were much larger (I 00-250 µm) than those analysed in thin section. 
Zoned detrital (Type I) and structureless metamorphic (Types fl and I[}) zircons are readily 
distinguishable by CL imaging, but Types II and llT cannot be differentiated because the textural 
context has been lost in the mineral separation process. 
Six zoned detrital and three recrystallised grains were analysed for U-Th-Pb isotopes. U is 
consistently low ( 177-402 ppm) and Th/U moderate to high (0.34-1. I 0), similar to the Type J zircon 
from the thin sections. All analyses are concordant or near concordant with in analytical uncertainty 
(Fig. 6.4), although one ( J 22B- l 8. I) has such a large uncettainty in radiogenic 207Pb!2°6Pb due to 
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its heterogeneous Pb distribution, that assessing its concordance or otherwise is impossible. The 
remaining grains have a range of apparent ages; - 1.55 - - 1.95 Ga for the detrital zircon and - 0.97 
- 1.04 Ga for the recrystallised. As for similar zircon from the thin section, there are no well-
defined age clusters, and each 207Pb/206Pb apparent age is considered to be a separate estimate of 
















• Type I (den·ital) 
• Type I (recrystall ised) 
• Type II (metamorphic) 
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Figure 6.4 Tera - Wasserburg concordia diagram for zircons analysed tn the grain mount. Detrital. recrystallised 
and metamorphic zircons are shown. 
The eleven analyses of metamorphic zircon show a wider range of, and higher, U contents 
(371-2993 ppm) than detrital grains and, with two exceptions, much lower Th/ U (0.005-0.15). 
Also with rwo exceptions, the data are concordant within analytical unce11ainty, and the best estimates 
of age are given by radiogenic 206Pb/238U, corrected for common Pb using 207 Pb and assuming 
concordance. These estimates range from 926 ± 9 ( cr) to I 03 7 ± l 0 ( cr) Ma. A similar range was 
found in the metamorphic zircon analysed in thin section, but in contrast to that zircon, the ages 
cluster towards the upper, rather than the lower, end of the range. One analysis ( l 22B-14. l) is 
much lower than the rest. Omitting it on the basis that it does not belong to any population that can 
be defined in this study, the remainder fa ll into two groups; four ana lyses within error at 1025 ± 25 
(tcr) Ma, and four that are younger, three of which define the same 206Pb/238U age with in error, at 
986 ± 17 (tcr) Ma. The older group is the same age as the older group of metamorphic zircon 
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identified in thin section, but the younger group is not as yow1g as the main population of metamorphic 
zircon found in the cordierite. If only the coarser zi rcon prepared as a grain mount had been dated, 
then the age of the decompression reaction of garnet to cordierite would have been missed. 
Given the range of metamorphic zircon age measurements, the best way to identify the 
principal episodes of zircon growth is to combine the age estimates from both thin section and 
grain mount and assess the distribution by mixture modelling (Sambridge and Compston, 1994). 
Modelling identifies four main age groups (Fig. 6.5). Taking the number of grains in each group 
into account in calculating the 95% confidence limits, the mean ages of these groups are 113 7 ± 31 
Ma (n = 4), I 035 ± 9 Ma (n = tO), 989 ± l 1 Ma (n = 6) and 955 ± 8 Ma (n = 14). 
REE analysis of metamorphic zircons 
The zircon grains analysed for U-Th-Pb by SHRIMP were also analysed for REEs by LA-
lCPMS. In some cases the metamorphic rims and detrital cores were too small to resolve using a 
minimum 23 µm laser beam. Analyses of the larger cores and rims are shown on Figure 6.6a, 
whilst the trace element composition of coexisting garnet and cordierite is shown on Figure 6.6b. 
The RE Es on this plot reveal a marked distinction between zircons of Sveconotwegian age ( 1000-
1050 Ma) and those proposed here to have formed from reaction (6.1 ). The heavy REEs in particular 
differ between the two populations of Sveconorwegian and reaction (6. l) zircons. The 
Sveconorwegian zircons have a generally upward sloping HREE trend, whilst reaction (6.1) zircons 
show a flatter HREE pattern from Dy to Lu. 
A flat HREE pattern in zircon is more commonly interpreted as an indication that the zircon 
grew in equilibrium with coexisting garnet (e.g. Rubatto 2002). In this case however, it is clear 
from the textural relationships that garnet is breaking down to produce zircon. As shown on Figure 
6.6, the reactant garnet and product zircon have very simi lar HREE patterns. Therefore it is 
interpreted here that zircon forming as a result of garnet breakdown from reaction ( 6. I) has inherited 
the HREE signature of the parent garnet. This is to be expected, as the zircon is not in equilibrium 
with the garnet, and therefore would not develop a garnet-equilibrium HREE composition. 
The positive Ce anomaly for all zircon analyses on Figure 6.6 is a common feature of 
zircons formed in granulite facies as well as magmatic environments (Rubatto, 2002). A negative 
Eu anomaly, also common to both metamorphic and magrnaticzircons , most likely indicates zircon 
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Figure 6.5 Mixture modelling plots of a) metamorphic zircon from thin section chips only; b) metamorphic 
zircon from the mineral separate only; c) metamorphic zircon ages from the combined thin section and grain mount 
data sets (n = 34: -Log likelihood = 53.05; chisq = 4.244 for 25 degrees of freedom). A comparison of age distribution 
patterns between these plots reveals a marked bias in the grain mount data for older (and larger) zircons. The curves on 
each plot represent the real (red) versus modelled (black) age distribution. 1 = number of analyses. Recrystallised and 
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The Age of Decomaression in Rogal and 
zircons with Svcconorwcgian 
age 
zircons fom1cd from garnet 
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Elements 
Figure 6.6 Chondrite nom1alised (after McDonough and Sun, 1995) REE compositions of minerals from 
sample HD98 I 22B a) comparison between zi rcon formed during the - 1035 Ma Svcconorwegian Orogeny, and zircon 
fonned during decompression and the breakdown of garnet 10 form cordierite: b) garnet and cordierite REE compositions, 
note the similarity between zircon and garnet in tem1s of H RE Es. 
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growth with co-existing feldspar. One zircon analysis on Figure 6.6 of Sveconorwegian age has a 
positive Eu anomally, and was probably isolated from feldspar at the time of formation. 
The age of decompression in R ogaland 
A comparison of the distribution of ages from both the mounted thin section chips and the 
traditional approach of using separated grains reveals a bias in the latter towards older zircons (Fig. 
6.5). As the zircon crystals found in the garnet-cordierite reaction textures are very small, they are 
unlikely to be retained in the conventional mineral separation process. Most of the metamorphic 
zircons sampled in the grain mount thus represent the main zircon-forming event from the rocks at 
site HD98 I 22 at I 035 ± 9 Ma. This is within cnor of previous age estimates for the Sveconorwegian 
Orogeny of 1.00-1.05 Ga (Pasteels and Michot, 1975, Bingen et al. , 1993). Site HD98122B is at 
the very limit of the M2 contact aureole, therefore high temperature metamorphism resu lting in 
rnigmatitisation of the rocks at this locality is more likely to have been related to M 1 regional 
metamorphism, rather than M2. Zircon forms readily in the presence of a partial melt (Watson, 
1979; Rubatto et al. , 2001; Williams, 2001 ), therefore migmatisation of metapelites is a plausible 
environment in which to form the Sveconorwegian-aged zircon found in both the thin section and 
grain mount data sets. This is further suppo11ed by the presence of the negative Eu anomaly in 
most of these zircons, evidence for formation in the presence of a felsic melt c1ystallising feldspar. 
Vety little is known about pre-Svecono1wegian metamorphism. The existence of a small 
population of mctamoq)hic zircon at 1137 ± 31 Ma is consistent with other ages reported in the 
literature, however due to a lack of textural information their significance cannot be explained in 
this study. The group of zircons defining an age of989 ± 11 Ma, detected only in the grain mount, 
is likely to be a further continuation ofSveconorwegian metamorphism. This age is not represented 
in Type IJT metamorphic zircon from gamet-cordierite reaction textures and therefore cannot have 
formed from reaction (6.1 ). 
The presence of zircon inclusions in garnet means that the same zircon may persist as 
inclusions in cordierite after the garnet has broken down. Therefore, it is to be expected that not all 
the zircons in the cordier1te coronas are the product ofreaction (6. l). Only those Type III zircons of 
an age unique to the gamet-cordierite textures are considered to have fo1med from reaction (6.1 ). 
Whilst other age populations are present in the Type Ill group, if they conespond to an age that can 
be defined in the matrix, they cannot represent the timing of garnet breakdown. Including two 
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zircons from the grain mounr, zircons unique to the Type Ill classification define an age of 955 ± 8 
Ma (Fig. 6.5). This newly revealed age does not correspond to any other data reponed in the 
literature as defining either M 1 or M2 metamorphism. These zircons are all small, and therefore 
largely lost by conventional mineral separation techniques. The significance of this age popularion 
cannot be interpreted without the textural constraint on individual analyses afforded by the sampling 
technique described in this rudy. The age of 955 ± 8 Ma dates the timing of zircon growth from 
garnet breakdown during decompression after regional M 1 metamorphism in Rogaland. 
These zircons are geochemically, as well as texturally, distinct from other zircon population 
m ample l 10981228, with a slightly depleted (relative to Sveconorwegian zircon) l lREE panem 
(Fig. 6.6). Coexisting garnet has a similar HREE composirion with a flat s lope. Cordierite is very 
depleted in all the REEs. especially HREEs. The similarity of lope and I !REE distribution in 
rcacrion (6.1) zircons and garnet uggcsrs that reaction (6.1) zircon ha inherited its REE composition 
directly from the garnet. as seen also in the zircon associated with rutile from the 1 apier Complex. 
There is a slight enrichment in the actual I !REE abundances in garnet relative to zircon, suggesring 
that the remnant gamer may retain omc HREEs by diffusion of these elements back into the 
remaining garnet (e.g. Kelly and Harley, 2002). This is supported by the REE enrichment in gamer 
rims ob erved in the zonation profiles in Chapter 5 (Fig. 5.8d). Sveconorwegian (M 1) zircon has a 
composition that probably reflects other ambient factors uch as a coexi ting panial melt, that 
would have cry talliscd by the rime of reaction (6.1) and thus does not affect the younger zircon 
population. 
Y1 2 contact metamorphism, following decompression from the Sveconorwegian Orogeny 
has been dated at 920-930 Ma (Ouschesnc el al., 1993; Scharer et al .. 1996; Bingen and van Breemen, 
I 998b), however it is not well repre ented in the isotopic data collected in this study. However. the 
fine rims apparent on some zircons (Fig. 6. lc) which are too na1Tow to analyse with SHRIMP ll 
(< I Oµm). but are a common feature of many of the metamorphic grains, both Types II and 111. The 
only metamorphic event younger than the Sveconorwegian Orogeny and it sub equent 
decompression is the contact metamorphi m (M 2) associated with intrusion of the Rogaland 
anorthosite complex co the southwest. It is possible that the fine, U-poor rims are the result of 
growth triggered in some way by M2 metamorphi m. It should be noted, however. that sample 
110981228 sits at the limits of the contact aureole (Chapter 4; Fig. 4. 1 ), therefore M2. which is so 
dominant to the southwest. probably had a minimal effect on these rocks, present as minor 
crystallisation or recrystallisation of zircon. 
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Table 6.2 lists a genera l overview of U-Pb and Pb-Pb zircon ages desc1ibed in previous 
geochronolog ical studies of the Rogal and metamorphic aureole, as a comparison with the results 
obtained during th is smdy. The timing and order of metamorphic episodes listed are those genera lly 
accepted for this area today, rather than in the context of their orig inal interpretation (e.g. Pasteels 
and Michot, l 975; Pasteels et al., 1979). Note that th is study is the on ly one to present in situ 
isotopic analyses, whether that be in thin section or on a mount of separated zircons. All other 
studies have involved whole grain isotope dilution methods. The complex nature of some z ircons 
seen in this snidy wou ld argue against the use of whole grain analysis (Fig . 6.1 ). 
Zircon type Study Rock type Age range (Ma) 
Magmatic or Detrital Pastecls and :vlichor ( 1975) garnet gneiss 1134 - 1298 
banded gneiss 1362 ± 15 
quartzite 1215- 1239 
Zhou ct al ( 1995) meta-chamockite 1159 :t: 5 
This study mctapclitic migmatitc 1233 - 3053 
Metamorphic: 
Svcconorwcgian (M1) Pastcels and Michot ( 1975) gamer gneiss 951-1018 
augcn gneiss 1001 - 1041 
synkincmatic granites 831 - l 109 
Wiclcns er al. ( 1981) augcn gneiss 1030-1045* 
pyroxene sycnitc 1070* 
garncriforous migmatitc 1000 
13ingcn and van Brcemen ( l 998a) syn-M 1 augcn gneiss 105 l +2/-8 
This study mctapelitic migmatitc 981 - 1068 
Reaction 2 (decompression) This snidy mctapclitic migmatitc 942 - 979 
Magmatic (Rogaland Pastccls er al. ( 1979) anorthosires and associated bodies 932-1001 
anorthositc complex) Scharer et al. ( 1996) anorthosite 929 - 932 
Metamorphic: 
Contact metamorphism (M2) Past eels and :vi ichot ( 197 5) garnet gneiss 910 :::30 
*discordant analyses. upper intercept published 
Table 6.2 Zircon Lypes and ages observed in this and other representative studies from the Rogaland 
metamorphic complex. Magmatic zircon occurs either in metamorphosed igneous intmsions. or as deti-ital grains in 
metapelitic rocks. 
Table 6.2 demonstrates the usefu lness of in situ thin sect ion analysis of zircon fo r targetting 
specific mineral reactions that can be ti ed to specific metamorphic processes. Previous studies, 
scattered right across the contact aureo le, show a bias towards particular zircon populations, 
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specifical ly magmatic and detrital zircons as well as those formed during the Sveconorwegian 
Orogeny. M2 contact metamorphism is poorly represented except for those studies focused on 
magmatic zircon from the ano1thosites at the centre of the aureole, despite sampl ing from within 
the aureole (e.g. Pasteels and Michot, 1975). The sample discussed here is at the limits of the 
influence of M2, and it is therefore not surprising that no M2 ages were detected. Previous studies 
have published contact metamorphic ages (925-930 Ma) from minerals such as monazite, but not 
zircon (e.g. Bingen and van Breemen, I 998b). No other study has recognised a zircon population 
at 955 Ma, although Pasteels and Michot ( 1975) obtained some analyses of this age. Nor has any 
previous study attempted to constrain the timing of decompression after regional Sveconorwegian 
metamorphism. The pressure-temperature-time histo1y of the Rogaland metamorphic aureole is 
represented on Figure 6. 7. For the first time, this study has constrained the absolute age and P-T 
conditions of zircon formation in successive stages of a metamorphic history from one rock. 
It is apparent that mu I ti pie episodes of zircon growth have occurred throughout the history 
of the rocks at site HD98 I 22. This study has demonstrated that zircon growth may occur on the 
retrograde path of a metamorphic cycle, as well as during pro grade processes. In addition, multiple 
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Figure 6.7 Pressure-temperature-time plot of metamorphism in the Rogaland metamorphic aureole. Ages for 
M 1 regional metamorphism and isothem1al decompression are from this study. Ages for M2 after Scharer et al. ( 1996) 
and Bingen and van Brcernen (I 998b). 
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Summary and Conclusions 
The sampling technique employed in this study for the analys is of fine grained metamorphic 
zircon in reaction textures has allowed the identification of a specific age population associated 
with decompression in Rogaland that has not been previously consn·ained. A comparison between 
the in situ analyses of th in section fragments and conventional SHRIMP analysis of individual 
zircons in a mono-mineralic grain mount reveals that a great deal more info rmation and constraint 
can be obtained from the analysis of a zircon with known textural associations. Some age populations, 
in particular those associated with decompression reaction (6. l ), were not at all apparent in the 
mineral separate. which samples much larger gra ins. 
The data presented here show that the breakdown of M 1 garnet in Rogal and to fonn cordierite 
and zircon, at 5.6 kbars and 710°C (Chapter 4 ), occurred at 955 ± 8 Ma. This constrains the age of 
decompression after the higher pressure M1 event and before M2 contact metamorphism. This 
study demonstrates the viab ility of pairing the tbermobarornetry of zircon-producing reactions with 
detailed, in silu geochronological ana lysis. In addition, even when a specific zircon-forming reaction 
cannot be identified, other textural relationships, such as zircon inclusions in garnet, whilst not 
applicable in this case. can readily be used to place chronological constraint on periods of mineral 




A wide range of techniques have been used in this srudy to investigate specific aspects of 
z ircon equilibria during metamorphism. Petrology, major and trace element mineral chemistry, 
experimental petrology, thermobarometry and geochronology have all contributed to the development 
of a framework for understanding zircon behaviour in metamorphic rocks . o one analytical 
technique or approach is sufficient to determine the full history of zircon growth throughout the 
entire metamorph ic evolution of a given terrane. However, the multi-disciplinary approach adopted 
herein demonsn·ates that a great deal of infom1ation relating to the time and context of zircon 
formation can be obtained from almost any metamorphic rock. 
Selected metamorphic zircon equilibria 
By defining a number of basic parameters, the identification, understanding and prediction 
of solid-state zircon-forming reactions is much better understood. Th is study identifies a number of 
minera l groups as the most likely to contain significant Zr and thereby influence zircon equi libria 
through their growth or breakdown. Of the major elements, z1A+ substitutes most easi ly for Ti4 +. 
Ti-rich minerals such as ilmenite, rutile and titanite are consequently a rich source of Zr during 
metamorphism. However, zircon is just as likely to form via the breakdown of Ti-poor, Zr-rich 
minerals such as pyroxene, garnet, osumilite and amphibole, as reactions involving these minerals 
do not necessarily produce other Zr-'loving' minerals. 
The distribution of Zr amongst reactant and product phases across metamorphic reactions 
reveals much about the systematics of zircon formation from solid-state reactions, as shown in two 
examples from the Rogaland metamorphic aureole. By comparing the Zr distribution between 
different metamorphic reactions, one can draw the s imple, but important conclusion that reactions 
producing minerals such as 01thopyroxene and osumilite, which are capable of accommodating 
significant Zr in their crystal structure, are far less likely to produce metamorphic zircon than 
reactions producing minerals such as cordierite, which accommodate very little Zr. The breakdown 
of Zr-bearing garnet to form cordierite and zircon has been recognised in a number of other terranes 




An important finding of this study is that the presence of both zircon and quartz in a rock 
buffers the Zr contents of co-existing minerals such as garnet, n.1tile, and other common metamorphic 
phases. Tt is therefore possible to define a large number of geothennobarometers based on the Zr-
contents of common minerals in quartz-saturated rocks. Experimental results derived by this study 
have defined two Zr-based geothermometers for garnet (almandine-pyrope )-zircon-quartz and 
SS 
rutile-zircon-quartz. The application of both of these thermometers to rocks from a range of 
metamorphic environments has demonstrated their applicability to nearly all rock types and 
metamorphic conditions found in the crust and mantle. 
The Zr content of rutile is found to be strongly temperature-dependent. Therefore, in a 
rutile-rich rock, the Zr-content of rutile has a marked affect on coexisting zircon stability. Under 
UHT conditions, such as those experienced by the lapier Complex, it is unlikely that new zircon 
growth will occur during the peak of metamorphism. Rather, most metamorphic zircon formation 
occured on the retrograde path, during cooling, when minerals such as rntile and garnet cease to 
accommodate such high concentrations of Zr. The dating of these zircons does not give the timing 
of peak metamorphism, as previously assumed. 
Garnet porphyroblasts from the apier Complex preserve prima1y Zr-compositions from 
their growth under ultra high temperature conditions of up to l l 00°C. In contrast, most conventional 
Fe-Mg based thermometers record only the closure temperature of major element diffusion at - 850°C. 
Zr zonation patterns in garnet porphyroblasts from other terranes reveal a complex histo1y of zircon 
growth and resorption. Again, this history of increasing or decreasing temperature, and changing 
zircon equilibria, is not recorded in the major element composition of the garnets. The snidy of 
buffered trace element zonation in garnet porphyroblasts thus provides a powerful tool with which 
to examine prograde metamorphic processes not recorded in major element equilibria. 
The two examples of solid-state zircon-fo1ming reactions studied here occur during retrograde 
processes; i.e. zircon fon11ation resulting from garnet breakdown to cordierite during decompression 
in Rogaland; and zircon formation associated with Zr-exsolution from rutile during isobaric cooling 
in the Napier Complex. Apart from zircon formation associated with partial melting and 
migmatisation of metamorphic rocks described by other workers (e.g. Rubatto et al., 2000; Williams, 
200 I), no evidence has been found during the course of this study for solid-state zircon formation 
associated with peak metamorphism. Rather, this study has clearly demonstrated, through a 
combination of experimental and petrological analysis, that most common minerals will in fact 
exhibit increasing Zr solubility with increasing temperature. Thus, pre-existing zircon is far more 
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likely to be consumed during high temperature prograde and peak metamorphism than new zircon 
is to be formed. This is contrary to the commonly held belief that a U-Pb zircon age always reflects 
the timing of peak metamorphism because of the durability of the U-Pb isotopic system in zircon. 
Applications to geochronology 
One of the main aims of this study has been to place metamorphic zircon format ion into a 
useful metamorphic framework for geochronologists. Work presented herein has shown that detailed 
petrological investigation must be canied out in order to successfully identify and interpret zircon-
forming reactions. Jn other words, the significance of any zircon age in a metamorphic rock cannot 
tru ly be understood without appropriate textural and petrological constraint. 
In this study, a technique has been developed for the in-situ sampling and analysis of large 
numbers of zircon grains in thin section. that does not require expensive special ist equipment such 
as a rriicrodrill attached to a microscope. This technique has been applied to rocks from both the 
I apier Complex, in which zircon occurs adjacent to rutile, and the Rogaland metamorphic aureole, 
containing zircon in cordierite coronas around garnet. Using th is combination of petrology, h·ace 
element analysis and in situ geochronology, the age of zi rcon formation associated with Zr02 
exsolution from rutile in the lapier Complex has been identified as 2449 ± 14 Ma. The temperature 
of fom1at ion of the zircon grains from which this age was obtained is 700°C, at I 0 kbar, as detenriined 
using the Zr-rutile thermometer developed in this study. This finding demonstrates conclusively 
that UIIT metamorphism in the 1apier Complex could not have occurred around 2400-2500 Ma as 
some authors believe. Instead, estimates based on rates of isobaric cooling require that UHT 
metamorphism must have occurred at least I 00 Ma earl ier. 
Similarly, it has been demonstrated that the age of decompression after M1 metamorphism 
in Rogaland is 955 ± 8 Ma, from zircon fonnation associated with garnet breakdown. The temperature 
of formation of the zircon grains from which this age was obtained is 710°C, at 5.6 kbar. Due to the 
very fine gra in size of zircon associated with these reactions, appropriate grains would not even 
have been sampled had conventional mineral separation techniques been applied. 
This study has shown that metamorphic zircon is more likely to form from retrograde rather 
than pro grade processes, and that the behaviour of both zircon and Zr with respect to major rock-
fonning phases is both systematic and predictable with changes in metamorphic grade. App lication 
of these principles has allowed absolute P-T-t constraints to be placed on the fo rmation of 
metamorphic zircon in a number of complex metamorphic terranes for the first time. 
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Appendix A 
List of abbreviations and units used in this study 
Appendix A: Abbreviations and Units 
Mineral abbreviations 
Alm almandine 
A mph amphibole 
























































nits and other abbreviations 












energy dispersive spectrometer 
oxygen fugacity 
Gibbs free energy 
enthalpy 
equilibrium constant 














Appendix A: Abbreviations and Units 
Gas constant 
entropy 
scanning electron microscopy 




wave dispersive spectrometer 
molar fraction of component j 
sol id solution 
.. . at given pressure, temperature 
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Appendix B 
Geological map oft he Rogaland metamorphic aureole. with sample locations discussed in 
this study. 
SVECONORWEGIAN OROGENY 
D Augen gneiss 
F aurefjell Formation 
Pyroxenite/ Amph.ibolite 
Gyadalen Gametiferous Migrnatites 
Banded Gneiss 
D Granitic Gneiss 











'hypersthene line' (after Hc."T'lll:ns et cJ., 1975; Tobi et cJ .. 1985) 
0 5 lOkm 
map after Falkum (1982) 
Appendix B: Sample location map, Rogalarul, SW Norway 
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Appendix C 
Description of analytical methods employed for data collection in this thesis 
Appendix C: Analvtical methods 
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) 
LA-ICPMS was used to measure trace element concentrations in individual mineral 
grains. This technique involves ablation of material from specific spots on the surface of a 
sample using a laser beam with a mininrnm diameter of - 23µm, as outlined in the methods of 
Eggins el al. (I 998). It is therefore possible to perform in situ analyses on polished thin 
sections, and maintain accurate constraint on textural relationships between the target 
minerals . The LA-ICPMS system at the Australian ational Un iversity includes an ArF 
(193nm. 20ns pulse width) EXCIMER laser with custom made sample cell and transport 
system. The system was optimised at 11 0,000-120,000 counts per second for Zr on the NIST 
6 I 2 glass, with a laser repetition rate of 5Hz, a typical laser energy output of I OOmJ/pulse and 
an ablation d iameter of e ither 23µm, 39µ m or 65µm. The same volume of sample was 
ablated for each analysis. controlled by laser beam width and run time. Background and 
cal ibration measurements (using the NIST 612 glass) were taken every 10 analyses. The data 
were reduced using conventional methods (Lengerich el al., 1996) employing Si02, T i02. 
FeO and CaO as internal standards, derived separately from electron rnicroprobe analyses. 
LA-ICPMS data from ANU are accurate with in a 95% confidence level. 
EDS Analysis 
Major e lement compositions of mineral grains were analysed using either a Cameca 
Microbeam electron microprobe, o r a Jeol 6400 Scanning Electron Microscope with a Si(Li) 
detector. Both instruments were run at an accelerating voltage of .15kV and I nA probe 
current. Data were reduced using a ZAF correction, and using software designed by ick 
Ware for the Cameca Microbeam electron microprobe. or Link ISIS software designed by the 
manufacturer for the Jeol 6400 SEM. 
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Appendix C': Analvtical methods· 
Sensitive High Reso lution Ion M icroProbe (SHRIMP) 
Zircon U-Pb and Pb-Pb ages \·Vere measured using the SHRIMP 11 Sensitive High 
Resolution Ion Microprobe at the Research School of Earth Sciences, ANU. All zircons were 
imaged using SEM cathodoluminescence (CL) to determine their internal structure and the 
nature of any compositional zoning. The samples were then analysed for U, Th and Pb by 
SIIRlMP using a 10 µm diameter o; primary beam. Instrumental conditions and analysis 
procedures were similar to those described by Williams et al. (1996). Reference zircons AS3 
or Termora were analysed once for every three sample analyses. The common Pb correction 
for lapier Complex zircons was calculated assuming an initial radiogenic Pb source of 3300 
Ma, whilst common Pb in standard zircons and zircons from the Rogaland metamorphic 
ameole was corrected using 204 Pb. 207Pb or 208Pb, assuming that Pb to be laboratory-derived 
and of Broken Hill galena composition. Ages were calcul ated using the constants 
recommended by the IUGS Subcommission on Geochrnnology (Steiger and Jager, 1977). 
Uncertainties in mean ages are cited as 95% confidence limits (tcr, where I is 'Student's t'). 
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Appendix D 
A data hase of Zr contents and partition coefficients for common minerals comprising 
analyses.from the literature and from this study. 
Appendix D: literature Review 
The data here comprise the combined literature based data set and analyses performed 
during this study for Zr contents of common rock forming minerals. Wt% values from 
some studies have been convened to ppm for the sake of uniformi.ty and comparison 
between studies. Within mineral groups, individual studies are listed in chronological 
order. 'D' refers to the c1ystal-melt pa11ition coefficient for Zr as defined in Chapter I . 
Ilmenite 
Mineral Reference Rock type Zirconium Experime ntal cond itions 
nnm D P<kbars) T (°C) 







Taylor and lunar basalt 6114.89 I atm 1050 
McCallister 5633.70 1000 
( 1972) 4116.08 950 
~ 3686.70 900 
~ 2420.79 850 6166.71 1050 
- 5685.52 1000 
3975.42 950 
3642.29 900 
McCallum and synthetic high 1554.63 0.28 1128 
















Jlmenite Pearce and tTachyte 0.28 natural and experimental I Norrv ( 1979) 
Blank ct al lunar basalt 450 .00 not experimental 









Anpendix D: Uterature Review 
Ilmenite cont'd 
Mineral Reference Rock type Zirconium Experimental conditions 
oom D P(kbars) T {°C) 
Blank et al lunar breccia 300.00 not experimental 
Ilmenite (1984) 190.00 
Ilmenite Bacon and inc-rhyolitic lava 0.60 not experimental 
Druitt ( 1988) 
Ewan and rhyolite I 52.00 1.38 not experimental 
Griffin (1994) 135.00 0.49 
1920.00 1.04 
2 244.00 1.98 
c 119.00 1.32 
~ 
E 238.00 1.14 
- 268.00 1.16 
367.00 1.0 I 
125.00 0.07 
Stimac and rhyolite 251.00 1.40 not experimental 
1 Jickmott 225.00 1.20 
( 1994) 254.00 1.30 
~ 254.00 1.30 




Patchen et al kimberlite 221.95 not experimental 



















Dawson et al veined 1491.00 not experimental 
.g (200 I) harzburgite 1562.00 
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Ilmenite cont'd 
Mineral Reference Rock type Zirconium Experimental conditions 
oom D P(kbars) T (°C) 
Dawson et al veined 1876.00 not experimental 





















This stud) anorthosite 48.57 not experimental 
35.37 



























Appendix D: literature Review 
Ilmenite cont'd 
Mineral Reference Rock type Zirconium Expe rimental conditions 
oom D P(kbars) T (°C) 
This study calc silicates 17. 19 not experimental 
7.58 
21 .00 
















































Anpendix D: Literature Review 
Ilmenite cont'd 
Mineral Reference Rock type Zirconium Experimental conditions 
onm D Pfkbars) T(°C) 






















amphibolite gneiss 23 .56 
~ 22.04 
c: 
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llmenite cont'd 
Mineral Reference Rock type Zirco nium Experimental condit ions 
ppm D P(kbars) T (°C) 
This study diorite 55 .57 not experimental 
~ 
!:: amphibolite 31.76 
"' E xenolith 34.45 
- 33.84 
Hematite 
Mineral Reference Rock type Zircon ium Experimental conditions 
oom I) P(kbars) T(°C) 

















~ 12 .1 5 
<'5 1.42 c 
(.) 










augen gneiss 7.83 








Appendix D: literature Review 
li t .. vosnme 
Mineral Reference Rock type Zirconium E~perimenta l conditions 
oom D P(kbars) T (°C) 
Uhospincl This study amphibolite 106.67 not experimental 
xenolith 
M ft a1me 1 e 
Minera l Reference Rock type Zirconium Experimenta l conditions 
oom D P(kbars) T (°C) 
Brooks ( 1969) layered cumulate 10.00 not experimental 
ri-magnetitc 8.00 
Pearce and basic 0.10 natural and experimental 
Magnetite Norry (1979) intermediate 0.20 
acid 0.80 
Lemarchand basalt-trachytc 3.60 not experimental 




eo 0.71 ;2 
:::: 0.51 . 
:- 0.62 
Magnetite Bacon and int-rhyolitic la'a 0.24 not experimental Druitt (l 988) 
Villemant trachyte 0.50 not experimental 
~ ( 1988) 0.60 
11 0.22 
Ch 0.21 ~ 
~ 0.25 
Mahood and trachytc 0.18 not experimental 
Stimac ( 1990) 0.22 
Ti-magnetite 0.31 
0.25 
Ewart and q12 la1i1e 110.00 0.51 not experimental 
Griffin (1994) rhyolitc 22.00 0.37 
26.00 0.24 
dacitc 322.00 3.90 
~ rhyolite 8.90 0.10 
·-0 3.J.00 0.16 
~ 38.00 0.16 :'O 
~ qtz latitc 145.00 0.89 
rhyolite 18.00 0.03 
qtz latitc 179.00 0.63 
andesite 56.00 0.38 
Ti,Cr- Dawson ct al veined harzburgitc 1553.66 not experimental 
Maa.netitc (200 I) 
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Macrnetite cont'd 
Mine ra l Reference Rock type Z irconium Expe rimenta l conditions 
nnm D P(kbars) T (°C) 























£ l. 54 
0 
c: 0.00 el) 




granitic gneiss 0 .09 
0.39 
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MaQ:netite cont'd 
Minera l Reference Rock type Zircon ium Experimenta l cond itions 
nnm D P(kbars) T (°C) 
























'§ 0.93 Cl> 
«: 1.84 ::>-
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Pseudobrookite 
' 
Mineral Reference Rock type Zirconium Ex perimental conditions 
oom D P(kbars) T (°C) 





0 17.53 9 
..5 23 .21 0 






- t er ._1nme s 
Mineral Reference Rock type Zirconium Experimental conditions 
00111 D P(kbars) T (°C) 
Horn et al alkali olivine 0.03 1 atm 1300 
(1994) basalt 0.04 1251 
0.1 4 1275 
<:) 0.05 1275 c:: 
c.. 0.03 1275 {/) 
C) 
i..I... 0.05 1235 
' ,_ 0.04 1235 u 
0. 10 1235 
0.06 1255 
Eggins ct al peridotite 0.03 not experimental 
g (1998) 0.72 
·c... 0.19 
C/) 0.45 
Magnesio- Dawson et al veined harzburgite 517.89 not experimental 
Chromite (200 I ) 









u ,_ 0.15 
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0th s . t'd er nme s con 
Mineral Refe rence Rock type Zirconium Ex perime ntal conditions 
oom D P(kbars) T (°C) 
This study granul it es 0.08 not experimental 
:! 0.11 
>. 0.06 u 
t 0.06 :r: 
0.02 
Ru tile 
Mineral Reference Rock type Zirconium Experimental condi tions 
oom D P(kbars) T (°C) 
Ruti le Blank et al lunar breccia 8735.56 not experimental ( 1984) 
Rutile Jenner et al tonalite 270.80 4.76 35.0 IOOO (1994) 
Carl Spandler eclogite 214.07 not experimental: 
pers com rn. 139.02 20 600-650 



























This study ca le-silicate 58.29 not experimental 
62.26 
~ 67.90 
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Rutile cont' d 
Minera l Reference Rock type Zirconium Experimental conditions 
oom 0 P<kbars) T (°C) 
















amphibol ite 128.40 





Mineral Reference Rock type Zirconium Experimen tal cond itions 
oom 0 Plkbars) T(°C) 
Smith ( 1970) nephelinite 3699. 18 not experimental 
2959.35 
trachytitc pllchstonc 96 17.87 
.::! trachyte 11097.55 




Giannetti and trachytic tuff 5696.74 not experimental 
~ Luhr ( 1983) 17682.09 
·-c 5104.87 5 
r 4660.97 
Flohr and Ross nepheline syenite 4882.92 not experimental 
(1990) 10283.73 
~ 3625.20 
·-c 7 102.43 ~ 
~ 4586.99 
2293.49 
Woolley et al nepheline syenite 10505.68 not experimental 




Avpendix D: Literature Review 
Titanite cont'd 
Mineral Reference Rock type Zirconium Experi mental conditions 
nnm D Pfkbars) T (°C) 
Dawson et al ijolite 4960.02 not experimental 
Titanitc ( 1994) ijolite 5182.11 
nepheline syenite 8883.62 
Della Ventura alkali syenite 14204.86 not experimental 





Spandler pers eclogite facies veir 12.09 not experimental : 
comm (2001) 7.39 20 600-650 
£ 5.49 
§ eclogite 20.05 
f.= 82.66 
94.32 




diorite 27 .26 
39.35 





Minera l Reference Rock type Zirconium Ex perimental conditions 
00111 D P(kbars) T (°C) 
Brooks ( 1969) layered cumulate 12.00 not experimental 
>< 
81.00 
c.. 115.00 u 
() 3.00 
·.:: 
' 27.00 (';) 
u 18.00 
Larsen ( 1976) syenite 1554.63 not experimental 
Hedenbergite 2665.09 
3331 .36 
~ 4885 .99 
CV 11252.59 -I 
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er rnonvroxene cont 'd 
Mine ra l Refe rence Rock type Z irconium Expe rimen ta l conditions 
oom D P(kbars) T (°C) 
Aegirine Larsen ( 1976) syenitc 3183.30 not experimental 
ILJ McCallum and synthetic high 444 .18 0 .1 2 1105 c: 
0 
x Charette ( 1978) Ti mare basalt 814.33 e 
>. 296.1 2 0. 
0 666.27 c: 
u 
Pearce and basic 0 .1 0 natural and experimental 
~ lorry ( 1979) intem1ediate 0.25 
c acid 0.60 
Jones and nepheline 13473.49 not experimental 








46935 .1 4 
51525 .01 
2887. 18 
Dunn and DiAbAn 592.24 





74.03 0.06 I atm (?) 1266 
148.06 0.09 1266 
592.24 0. 18 1268 
370.15 0.10 1258 
444.18 0.10 1266 
814.33 0.13 1252 
C) 666.27 0.09 1270 
" ·;;:; 444 .18 0.06 1266 c. 
0 
6 8 14.33 0.11 1251 
592.24 0.08 1269 
444.18 0.06 1260 
518 .21 0.07 1252 
81 4.33 0.10 1270 
592.24 0.07 1251 
740.30 0.09 1269 
666.27 0.06 1258 
814.33 0.07 1257 
1184.48 0 .10 1268 
740.30 0.05 1257 
740.30 0 .19 1270 
I I 10.45 0.25 1269 
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er monvroxenc cont 'd 
M ineral Reference Rock type Z ircon ium Experimental conditions 
oom D P(kbars) T (°C) 
Dunn and OiAbAn 1554.63 0.21 I atm 1269 
McCall um 2220.91 0.26 1270 
(1982) 3331.36 0.31 1270 
2739.12 0.22 1269 
3701.51 0.23 1270 
3849.~7 0.24 1269 
370.15 0.19 1270 
111 0.45 0.31 1274 
1776.72 0.28 1272 
48 11.96 0.48 1259 
I!) 5182.1 1 0.38 1259 
:2 1924.78 0.25 1270 v: 
0. 
0 2368.97 0.21 1270 cs 3331.36 0.24 1270 
6810.78 0.35 1271 
296.12 0.05 1346 
666.27 0.07 1342 
740.30 0.04 1344 
888.36 0.05 1346 
1628.66 0.51 1118 
3183.30 0.51 1120 
41 ·r.69 0.41 1116 
45 I 5.84 0.38 1118 
Wat on and intennediate melt 130.00 0.25 9 960 
~ Ryerson ( 1986) 221.00 0.29 9 960 
C3 34.00 0.1 1 10 950 x 
e 292.00 0.4 1 10 950 
>. 
0. 214.00 0.30 10 1000 0 
.£: 589.00 0.29 10 1000 G 249.00 0.18 10 1000 
Lemarchand basalt-trachyte 0.30 not experimental 
I!) et al ( 1987) 0.44 
5 1.02 
x 
0 0.13 .... 
>. 
c. 0.16 g 
G 0.13 0.14 
Bacon and int-rhyolitic lava 0.29 not experimental 
x 
c. 
<..; Druitt (1988) 0.29 
Duggan ( 1988) peralkaline 105863.17 not experimental 
~ trachyte I 00162.85 
c 86689.35 .... 
·;n 




A npendix D: /,iLeralur e Review 
er monvroxene con t'd 
M inera l Refere nce Rock type Zirconium Experimental conditions 
oom D P(kbars) T (°C) 
Duggan ( 1988) peralkaline 85060.69 not experimental 
0 




comendite 82839.78 <( 
Federico et al potassic volcanic 11171.531 not experimental 
Fassaite (1988) ejecta 14648.763 
Villemant trachyte 30.00 0 .1 0 not experimental 
( 1988) 29.00 0 .1 1 
0.02 0.02 
18.00 0 .05 




350.00 0 .99 
e 270.00 0 .56 
>. 
c.. 291.00 0 .59 g 
·- 122.00 0 .25 u 




Kuehner et al DiAbAn 4241.93 I atm 1260 
( 1989) 4848.98 
0 4923.01 
-0 4552.86 ·v.i 
c.. 
0 4656.50 0 4256.74 
0.27 I atm 1250-1265 
Cpx Green et al basalt 13.00 0.10 2.5 1100 ( 1989) 
Aegirine Flohr and Ross nepheline syen ite 3403.25 not experimental 
Aegirine-augite (1990) 147.97 






Hed. Mahood and trachyte 0.40 not experimental 







Anpendix D: Literature Review 
er monvroxene cont 'd 
Mineral Reference Rock type Zirconium Expe rimenta l conditions 
oom D P<kbars) T (°C) 
Sisson (1991) rhyolite 22.90 0 .20 not experimental 
ruff 58.00 0 .24 
x 
0.. 61.00 0.27 u 
rhyolite 190.00 0 .33 
Augite Green et al carbonatite 0 .29 25.0 1000 ( 1992) 
Cpx Adam et al basanite 104.00 0.22 20.0 1050 ( 1993) 
x Hart and Dunn alkali basalt 0.12 3 1380 
0.. ( 1993) u 
Rubin et al trachyte 23467.57 not experimental 
x (1993) 19099.79 
c. 
u rhyolite 8883.62 
Pigeonite Ewart and qtz latite 10.80 0.07 not experimental Griffin (1994) 
rhyolite 140.00 0 .51 
40.00 0 .1 7 
x 134.00 1.20 0.. 
u 
andesire 68.00 0.33 
..c 
u 
·;:: rhyolite 192.00 0.42 ~ (..) 145.00 0. 16 
leucitite 34.00 0.57 
l lauri et al basalt 0.20 2.5 1430 
Cpx (1994) 0.16 l.7 1405 
hi-Ca cpx Jenner et al basalt 22.30 0.21 25 1100 (1994) 0.10 
basalt 7.00 r 1100 lo-Ca cpx 
_) 
Lundstrom haplobasalr 0. 12 l atm 1285 
et al ( 1994) 0.08 
0.07 
0.08 
5:! 0.06 ~ 
x 0.07 9 
>. 0.06 0.. 





lonov and mantle xenolith 36.00 not experimental 
Cpx Jtofman ( 1995) 34. 10 46.60 
14.50 
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er ' J ~ monvroxene cont c 
Minera l Reference Rock type Zirconium Experimental conditions 
ppm D P(kbars) T (°C) 
Cpx lonov and mantle xenolith 55.90 not experimental Hofman ( 1995) 
Foley et al alkaline 36.00 0.11 not experimental 
0 ( 1996) lamprophyre 5.00 0.06 
5 20.00 0.06 
x 
0 19.00 0.08 I.. 
>. 
0. 20.00 0.30 0 
t:: 40.00 0. 12 Q 67.00 0.20 
Fujinawa and basanite 74.03 0.04 2.5 1050 
~ Green (1997) 74.03 0.04 3 1050 u 
Eggins et al peridotite 30. 10 not experimenta l 
( 1998) 33.40 
x 46.30 0. 
u 50.40 
0.24 
Witt-Eickschen peridotite xenolith 127.00 not experimental: 







0 78.00 5 
x 69.60 2 
~ 23.80 
0 transition zone 57.80 t:: 








Spandler pers eclogite 3.08 not experimental: 
Omphacite comm (2001) 3.19 20 600-650 
This study anorthosite 20.38 not experimental 
::? 20.89 C3 
x banded gneiss 27.51 e 
~ 18.16 
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er monvroxene cont 'd 
Mineral Reference Rock type Zirconium Ex perimenta l conditions 
nnm 0 P(kbars) T(°C) 




granitic gneiss 15.22 
13.38 
CJ augen gneiss 26.69 c 
C..l 
26.50 x 0 
... 








Mineral Reference Rock type Zirco nium Experimenta l conditions 
oom 0 P<kbars) T (°C) 
Larsen ( 1976) syenite 296.12 not experimental 
Ferrosilitc 3035.24 
Pearce and basic 0.03 natural and experimental 
x Norry ( 1979) intermediate 0.08 c.. 
0 acid 0.20 
Bacon and int-rhyolitic lava 0.11 not experimental 
x 
c.. Oruitt ( 1988) 0.11 0 
Opx Green et al basalt 29.0 0.18 2.5 1100 ( 1989) 
Opx Sisson (1991) rhyolite 1.00 0.01 not experimental 
Kennedy et al ultramafic 0.00 1 atm 1425 
( 1993) 0.01 1430 
~ 0.04 1400 0 
x 0.01 1300 0 
3;_ 0.00 1150 0.. 
0 0.01 1155 .c 
~ 
0 0.07 1155 
0 .05 1150 
0 Ewart and qtz latite 29.60 0.14 not experimental 5 
x Griffin (1994) rhyolite 9.50 0.09 p 
>. 6.50 0.05 c. 
0 15.10 0.08 .c ;::: 
0 19.00 0.08 
l 91 
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Orthonvroxene cont'd 
Mine ra l Refe rence Rock type Zirconium Experimental conditions 
oom D P(kbars) T (°C) 
Ewart and qtz latite 7.40 0.03 not experimental 
Opx Griffin ( 1994) andesite 19.60 0.13 
Stimac and rhyolite 3.00 0.02 not experimental 
~ Hickmott 5.00 0.03 u 
>< ( 1994) 3.00 0.02 0 
..... 
~ 2.00 0.01 
0 0.01 ~ 
0 0.03 
Fraser et al pelite 4.00 not experimental 
x 
c. (1997) metabasite 1.00 
0 leucosome 1.00 
Eggins er al peridotite 1.46 not experimental 
(1998) 1.60 
>< 
c.. 2.54 0 
2.49 















0 3.14 ..... ~ 2.72 0 
..c: 
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Orthoovroxene cont'd 
Mineral Reference Rock type Zircon ium Experimental conditions 
nnm 0 P(kbars) T (°C) 




















.)_ . ).) 
30.20 
29.35 
Q) 8.82 u 





13 .1 9 
4.86 
10.02 
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0th r onvroxene con t'd 
Minera l Reference Rock type Zirconium Experimental conditions 
oom D P(kbars) T (°C) 
This study granulitc 6.51 not experimental 
5.29 
x 
c. 6.12 0 
5.35 
Garnet 
Minera l Reference Rock type Zirconium Experimental conditions 
oom D P(kbars) T (°C) 
Kimzcyitc Milton et al. carbonatitc 221350.27 not experimental ( 196 l) 
Pearce and basic 0.30 natural and experimental 
0 
I Norry ( 1979) intermediate 0.50 E 
<ll acid 1.20 0 
Munno et al shoshonitic 207672.10 not experimental 





·- 202567.23 :,L 
And-Gross Giannetti and trach)'tic tuff 5326.82 not experimental Luhr(l983) 
Green ct al basal! 78.00 0.70 2.5 1100 
(1989) 95.00 0.60 
0 89.00 0.70 
c 77.00 0.70 '-<II 
0 25.00 0.60 
<24.00 <0.40 
Flohr and Ross nephelinc sycnitc 961.79 not experimental 












Garnet Green et al carbonatite 0.54 25.0 1000 (1992) 
Garnet I lauri ct al basalt 2.12 2.5 1430 (1994) 
Jenner et al basalt 77.00 0.73 25.0 1100 
() ( 1994) 0.74 
E 43.00 0.41 Cl) 
(.J 0.60 
tonalitc 20.40 0.36 35.0 1000 
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Ga rnet cont'd 
Mineral Reference Rock type Zircon ium Experimenta l cond it ions 
oom D P(kbars) T (°C) 
Fraser et al pelite 20.00 not experimental 
g (1997) 22.00 
.... metabasite 55.00 <e 
<..? lcucosome 30.00 
Fujinawa and basanite 444.18 0.23 2.5 1050 
u Green ( 1997) 666.27 0.35 2.5 1050 
E 1406.57 0.86 3.0 1050 <e 
<.J 1850.75 1.10 3.0 1050 
Melanite Jamtveit et al. calc-silicate skam 4219.72 not experimental 
Kimzeyite ( 1997) 136289.58 
Yang et al. metasediments 2.20 not experimental 












>- 8.10 c.. 0 9.00 c: 











Spandler pers eclogite 2.14 not experimental: 
comm (200 I) 5.04 20 600-650 
5.14 
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Garnet cont'd 
Mineral Reference Rock ty pe Zirco nium Experimental conditions 
ppm D P(kbars) T (°C) 
Spandler pers eclogite 3.46 not experimental : 











Grossular Th is study calc silicates 31 .21 not experimental 148.88 

















-0 7.70 :::: 
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Garnet cont'd 
Mineral Reference Rock type Zirconium Expe rimental conditions 
nnrn D P(kbars) T (°C) 













g 6 .1 0 
-0 6.06 t: 















arnphibol ite 19.85 





"' e 24 .52 
<.J 25 .60 ~ 25 .29 
-0 






0 granul itcs 57.83 
c. 
0 33 .69 
..... 
>. 
77.72 c.. I 
CV 169.50 t:: 
"O 3 1.03 t:: 
"' E 4 l.8 1 
< 15.33 
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Garnet cont'd 
Mineral Reference Rock type Zirconium Experimental conditions 
ppm D P(kbars) T (°C) 
















0 131.59 0.. 
e 58.45 >. 
0... 
I 49.06 0 
t: 
"'52 28.73 g 57.04 
















A h.b I mn I o e 
Mineral Reference Rock type Zirconium Experimenta l condit ions 
00111 D P(kbars) T (°C) 
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Arnn h"h I 'd I o e cont 
Mineral Reference Rock type Zirconium Experimental conditions 
nnm D P(kbars) T (°C) 
Larsen ( 1976) syenite 1628.66 not experimental 
Arfvedsonite 5552.26 
Pearce and basic 0.50 natural and experimental 
::0 Norry ( 1979) intermediate 1.40 
- acid 4.00 -
I lastingsite Giannetti and trachytic tuff 73.98 not experimental 
Luhr ( 1983) 
Lemarchand basalt-trachyte 0.37 not experimental 




~ 0.13 E 
< 0.13 
0.14 
Bacon and int-rhyolit ic lava 0.50 not experimental 
Hornblende Druitt ( 1988) 0.50 
Pearce ( 1989) benmoreite 30574.47 not experimental 
25096.23 
~ 17619.19 g 10438.26 r.n 
-0 () 14954.10 2: 
:... l 0882.44 < 
4441.81 
Pargasite Green er al carbonatite 0.23 25 .0 1000 ( 1992) 
Adam et al basaltic andesite 42.00 0.33 10.0 925 
( 1993) 22 .00 0.15 20.0 925 
c.> 
60.00 0.35 20.0 950 
0 basanite 69.00 0.21 20.0 1050 
.D 
-E. 108.00 0.22 20.0 1050 
E 1119.00 0.33 20.0 1000 
< 75.00 0.18 20.0 1025 
99.00 0.33 10.0 1000 
Rubin et al trachyte 6662.72 not experimental 
2 ( 1993) 1184.48 
·-
0 1184.48 r.n 
"O 
c.> 888.36 2: 
.... 2072 .85 < 
Ewart and rhyolite 45.00 0.76 not experimental 
Hornblende Griffin (1994) 76.00 0.69 dacite 76.00 0.93 
rhvolite 57.00 0.63 
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A h'h 1 t' I mn l o e con ( 
Minera l Reference Rock type Zirconium E xpe rimenta l cond itions 
nnm D P<kbars) T (°C) 
Ewart and rhyolite 111.00 0.53 not experimental 
() Griffin (1994) 125.00 0.54 "O 
~ 295.00 0.85 
::0 
E basalt 125.00 0.62 
0 
J: rhyolite 332.00 0.91 
Sisson (1991) andesite 32.00 0.35 not experimental 
0 basalt 144.00 0.76 0 
.0 
..c:: 
ma fie scorla 60.00 0.34 
c.. rhyolite 60.00 0.59 
< 45.00 0.27 
Brenan et al 0.22 1.50 1000 
2 ( 1995) 0.38 
·v: 0.30 cc 
:!> 0.25 
«: 
c... 0 .23 
lonov and mantle xenolirh 28.40 not experimental 
Hofinan (1995) 29.00 
27.70 
(,) 26.60 0 
:e 66.00 
0.. 61 .00 
= < 123.00 
122.00 
45.00 
Amphibole LaTourrette basanite 43.00 0.13 1.50 1150 
et al (1995) 
Hornblende Fraser et al metabasite 130.00 not experimental ( 1997) 
Fujinawa and basanite 962.39 0.46 0.50 1010 
(.) Green ( 1997) 444.1 8 0.23 1.00 1050 
0 296.1 2 0. 15 1.50 1050 
.0 
-E. 222 .09 0.08 2.00 1050 
E 222.09 0.12 2.50 1050 
< 
andesite 296.12 0.51 1.00 900 
Ca-arnph Eggins et al peridotite 26.09 not experimental (I 998) 
Witt-Eickschen peridotite xenolith 202.00 not experimental: 
et al (1998) 583.00 - 1.5 - 900 
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A h"b I 'd mn 1 o e cont 
Minera l Reference Rock type Zirconium Experimental cond itions 
ppm D P(kbars) T (°C) 
Witt-Eickschen peridotite xenolith 73.40 not experimenta l: 



















transition zone 454.00 











Spand !er pers eclogite 6.39 not experimental: 





IU 5.23 0 
.0 6.75 
"E. 6.56 E 
-< 4.56 
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Amuhibole cont'd 
Mine ral Reference Rock type Z ircon ium Experimental conditions 
nom D P(kbars) T (°C) 
Q) cclogite 1.68 not experimental: 
0 1.67 20 600-650 
..c 
.c 3. 11 ~ 
c 1.21 < 
cc 4.10 u 




G laucophane 0.56 
0.17 
Tiepolo et al olivine alkali 0.19 1.4 GPa 1015 






basanite 0.55 1015 
0.64 975 
0.52 1015 
~ 0.44 1035 
Vi ,_ 
() 0.41 1055 
"" 0.37 1015 ~
. 
0.58 1035 ~ 
Vl 0.35 1055 «: ~/) 














0 41.12 :e 
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Am12hibole cont'd 
Mine ra l Reference Rock type Z irconium Experimenta l roncl itions 
oorn D P(kbars) T (°C) 
This study banded gneiss 22.21 not experimental 
19.82 

































~ 45 .20 
·;;; 










A nth 17.93 
14.49 
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Mica G roun 
Mineral Reference Rock type Zirconiu m Experimental conditions 
nnm D P<kbars) T (°C) 
Pearce and basic 0.60 natural and experimental 
,2!l !Norry (1979) intermediate 1.20 
a.. ac id 2.00 
INash and rhyolite 153.00 0.79 not experimental 
~ Crecroft ( 1985) 163.00 1.80 0 
c::l 143.00 1.00 
Yi llemant trachyte 0. 14 not experimental 
£ ( 1988) 0.28 
0 0. 13 
5 0.09 
Phlg Adam et al basanite 50.00 0.13 30.0 1025 ( 1993) 
Ewart and rhyolite 28.00 0.47 not experimental 
Biotite Griffin (1994) dacite 48.00 0.59 
rhyolite 17.50 0.19 
Ph lg LaTourrette basanite 7.00 0.02 2.0 1165 
et al ( 1995) 
Foley et al alkaline 7.80 0.02 not experimental 
( 1996) lamprophyre 9.30 0.03 
~ 7.10 0.02 ·o.. 
0 6.80 0.02 el) 
E 7.80 0.02 ..i:: 
0... 
21.00 0.06 
Fraser et al pelite 1.00 not experimental 
Biotite (1997) l. 50 
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Mica G roun 
M ineral Reference Rock type Z irconium Experimental conditions 
nnm D P(kbars) T (°C) 
Yang et al metased iments 0.1 0 not experimental 
(1999) 0. 16 
0. 14 





Yang and metased irnents 0.1 0 not exper imental 



























~ 0.23 ·;; 
0 0.23 u 
th 
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Mica Group cont'd 
Mineral Reference Rock type Zirconium Experimenta l conditions 
omn D P(kbars) T (°C) 
Muscovite Yang and metasediments 2.06 not experimental 
Rivers (2000) 
Spandler pers eclogite 0.22 not experimental: 
















This study anorthosite 6.26 not experimental 
0.60 


























granitic gneiss 7.51 
6.98 
206 
Appendix D: Literature Review 
Mica G roup cont'd 
Minera l Reference Rock type Zirconium Experimenta l conditions 
oom D Pfkbars) T (°C) 
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Mica Groun cont'd 
Mineral Reference Rock type Zirconium Experimental condit ions 
oom D P(kbars) T (°C) 

















a mph ibolite-cham. 0.00 




















Minera l Reference Rock type Zirconium Experimental conditions 
ppm D P(kbars) T(°C) 
Brooks ( 1969) layered cumulates 497.00 not experimental 
Plag 509.00 
McCallum and synthetic high <0.01 1128 
Plag Charette ( 1978) Ti mare basalt 
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F Id e soar G . roun cont 'd 
Mineral Reference Rock type Zircon ium Exprrimental conditions 
oom D P(kbars) T(°C) 
Pearce and basic 0.01 natural and experimental 
elJ 'on) (1979) intermediate 0.03 
.!: 
A acid 0.10 
'ash and rhyolite 2.00 0.01 not experimental 
anidine Crecroft ( 1985) 4.00 0.02 5.00 0.05 
5.00 0.04 
7.00 0.04 
0 30.00 0.09 
(/) 33.00 0.36 
..!: 






Lcmarchand basalt -trachyte 0.09 not experimental 
~ et al (1987) 0.04 
!./;• 0.16 !'O 
u 
.2 0.03 
elJ 0.01 ~ 0:: 
0.03 
0.03 
an id inc basalt trachyte 0.17 
Bacon and int-rhyolitic lava 0.20 not experimental 
Plag Druitt ( 1988) 0.20 
Villcmant trachytc 0.17 not experimental 
( 1988) 0.17 
0.12 
.... 0.12 
"' 0. v: 0.08 "O 
0 0.09 u.. 
0.29 
0.25 
Ewart and qtz latitc 46.00 0.21 not experimental 
Griffin (1994) rhyolite 9.50 0.16 
20.20 0.18 
6.70 0.04 
<:,) 7.50 0.06 ,,,. 
dacire 45.00 0.55 
"' :::; 
0 rhyolitc 16.40 0.18 
·co 
.!: 21.20 0.10 
c... 
40.00 0.17 
qtz latitc 8.60 0.05 
6.10 0.02 
andesitc 22.70 0.15 
leucititc 30.00 0.07 
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Feldsnar Groun cont'd 
' 
Minera l Reference Rock ty pe Zirconium Experimental condi tions 
nnm D P(kbars) T (°C) 
Fraser et al mctabasite J.50 not experimental 
Plag (1997) leucosorne 1.50 




('C 0.01 c. 
rr. 
31 0.05 u 







banded gneiss 0.02 
0.00 
<.) migmatites 0.55 VJ 


















('C 0.00 c. 
rr. 
v 0.07 c; 










"' 0:: 0.11 
0.00 
K-Feldspar amphibolite-charn. 0.00 
transition 0.00 
Plagioclase 0.00 0.00 
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F Id e sna r G r oun cont 'd 
Minera l Reference Rock type Zirconium Experimental conditions 
nnm D P(kbars) T (°C) 
This study amph ibolite-charn. 0.09 not experimental 
0 transition 0.03 
Vl 0.01 ~ 
0 0.02 0 
'@) 




cc 0.02 0.. Vl 
"O 0.03 
-0 







Vl 0.03 «:: u 








Minera l Reference Rock type Zirconium Experimental conditions 
nnm D Pfkbars) T (°C) 
Fraser et al pelite 1.50 not experim ental 
Cordie rite ( 1997) 2.50 








Aopendix D: Uterature Revie\I' 
Sill irna nitc 
Mineral Refe rence Rock type Zirconium Experimental condition 
oom D P(kbars) T(°C) 
This study migmatites 0.13 not experimental 
0.00 
0.13 









Mineral Reference Rock type Zirconium Experimenta l cond itions 
ppm D P(kbars) T (°C) 
This study migmatites 35.19 not experimental 
2 37.06 
·- 43.87 
-::; granulite pelites 41 .20 _,  
0 17.25 
s h " . 
. a nn 1rme 
Minera l Reference Rock type Zirconium Experimental conditions 
oom D P(kbars) T(°C) 








0. 0.26 0. 




C hlori te 
Mineral Reference Rock type Zirconium Experimental conditions 
oom D P(kbars) T(°C) 
This study granitic gneiss 7.07 not experimental 
~ 4.46 
·;:: 
0 diorite 12.63 
-G 368.28 
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Enidote 
Mineral Reference Rock type Zirconium Experimenta l conditions 
00111 D P(kbars) T(°C) 
Spand ler pers eclogites 12.46 not experimental: 










~ 16.85 0 





















Minera l Reference Rock type Zirconi um Experimental conditions 
onm D P(kbars) T (°C) 
















Representative electron microprobe analyses used.for lA-ICPJ\1!S internal standards, 
thermobaromet1y and mineral analysis 
Representative analyses: opaque oxides from Table 1.4, Chapter l 
Sa mple flD98007 H098114C-2 
Wt% oxides ilmenite magnetite ilmenite magnetite 
Si02 0.1 0 0 0 
T i0 2 48.66 0.13 48.11 0.26 
Al20 3 0.09 1.23 0 0.49 
Cr 20 3 0 0.27 0 0.3 
Fe20 3 0 67.00 8.45 68.72 
FcO 48.76 31.29 36.59 31.88 
MnO 0.39 0 6.42 0 
MgO 0.01 0 0 0 
Cao 0.11 0.06 0.14 0 
Na20 0.13 0 0 0 
K iO 0 0 0 0 
Nb20 $ 0.02 0 0 0 
Y20~ 0.95 0 0 0 
Tota l 99.22 99.98 99.72 10 1.65 
N. of Oxygens 3 4 3 4 
Cation propor lions 
Si 0.0026 0 0 0 
T i 0.9459 0.0049 0.9455 0.0099 
Al 0.0027 0.0739 0 0.0292 
Cr 0 0.0109 0 0.0120 
Fe3• 0 1.6830 0.1088 1.7125 
Felt 1.0541 1.3353 0.7997 1.3496 
Mn 0.0085 0 O.l421 0 
Mg 0.0004 0 0 0 
Ca 0.0030 0.0034 0.0039 0 
Na 0.0065 0 0 0 
K Iv 0 0 0 0 
~ Nb ~ 0.0197 0 0 0 
v 0.0002 0 0 0 
Total 2.0238 3. ll 13 2.0001 3. 1132 
110981388 
ilmenite hematite ilmenite,, 
0.11 0.11 0.39 
52.15 1.03 44.87 
0.09 0.26 0.21 
0 1.21 0 
1.44 96.90 14.64 
44.65 0.93 37.05 
2.05 0.05 1.14 
0 0 1.18 
0 0.04 0.01 
0.06 0.13 0.09 
0.01 0 0.03 
0 0 0 
0 0 0 
l00.56 100.66 99.60 
3 3 3 
0.0028 0.0043 0.0103 
0.9886 0.0305 0.8939 
0.0027 0.0121 0.0066 
0 0.0377 0 
0.0179 1.8780 0.1909 
0.9413 0.0305 0.8207 
0.0438 0.0017 0.0256 
0 0 0.0466 
0 0.0017 0.0003 
0.0029 0.0099 0.0046 
0.0003 0 0.0010 
0 0 0 
0 0 0 
2.0002 2.0063 2.0004 
11098083 


























































































Representative analyses: opaque oxides from Table 1.4, Chapter 1 
Sa mple 11 098085 HD98140S llD981198 H09812613 
Wt% oxides ilmenite .. hematite._ magnetite ilmenite magnetite ilmenite magnetite ilmenite magnetite 
Si02 0.14 0 0.02 0 0 0.1 0.13 1.56 0.19 
Ti02 46.26 18.11 0.07 13.85 0 5I.18 0.13 51.41 0.19 
Al20 3 0.01 0.26 0.02 0 0.11 0.05 0.38 0.71 0.18 
Cr20 .1 0.16 0.17 0.14 0 0.23 0 0.75 0.11 0.09 
Fc20 3 I 1.41 60.13 65.85 71.77 67.51 2.30 66.82 0 67.71 
FcO 37.91 16.29 28.99 12.06 30.56 37.35 30.30 43.79 30.43 
MnO 2.92 0.83 0.16 0.30 0 8.48 0.05 1.68 0 
MgO 0. 12 0.1 7 0 0 0 0.01 0.02 0.24 0.05 
Cao 0 0 0.03 0.07 0 0.0 1 0.05 0.08 0.03 
Na10 0.15 0.02 0.12 0 0 0.04 0.09 0 0.1, 1::i... 
KiO 0 0 0 0 0 0 0.07 0 0.08 
-~ 
::s 




N. of Oxygens 3 .. .) 41 3 41 3 41 3 41 I~ 
~ ~ 
Cation proportions ~ Cl) 
::s 
Si 0.0037 0 0.0011 0 0 0.0026 0.0068 0.0389 0.0099 -~ 
-Ti 0.9237 0.4702 0.0029 0.3709 0 0.9831 0.0051 0.9640 0.0074 -· <::: ~ 
Al 0.0003 0.0106 0.0013 0 0.0067 0.0015 0.0233 0.0209 0.01 I I t) ::s 
Cr 0.0034 0.0046 0.0060 0 0.0096 0 0.0308 0.0022 0.0037 t) 
--
Fc3• 0.1491 1.0219 1.7642 1.2582 1.7520 0.0289 1.7108 0 1.7375 
Fch 0.8417 0.4703 1.3194 0.3592 1.3475 0.7979 1.3178 0.9131 1.3262 
Mn 0.0657 0.0243 0.0074 0.0089 0 0.1835 0.0022 0.0355 0 
Mg 0.0047 0.0087 0 0 0 0.0004 0.00 16 0.0089 0.0039 s::: 
Ca 0 0 0.00 17 0.0028 u 0.0003 0.0028 0.0021 0.00 17 
Cl) 
~ Na 0.0077 0.0013 0.0127 0 0 0.0020 0.0091 0 0.0101 -. tv ~ ~ K 0 0 0 () 0 0 0.0046 0 0.0053 c.., Vt 
Total 2.0001 2.0 11 9 3.1166 2.0000 3. 11 58 2.000 1 3. 1149 1.9856 3.1 169 
Representative analyses: opaque oxides from Table 1.4, Chapter 1 
Sample HD98127A l lD98078A 110980788 IJD981020 
Wt% oxides ilmenite magnetite ilmenite magnetite ilmenite magnetite ilmenite magnetite 
Si02 0.13 0.11 0 0 0 0 0 0 
T i0 2 50.64 1.58 47.65 0.21 48.8 5.04 45.2 0.17 
Al20 3 0.2 2.61 0 0 0 2.18 0 0.13 
C r20 .i 0.12 0.3 0 0 0 0.33 0 0.21 
Fe20 3 3.88 62.61 9.25 68.33 7.24 56.36 14.32 68.39 
FcO 42.70 32.07 41.90 31.58 43.20 36.03 39.02 31.15 
MnO 1.75 0.11 0.95 0 0.69 0 1.36 0 
MgO 0.16 0 0 0 0 0 0 0 
Cao 0.04 0 0 0 0 0.07 0.11 0.1 
Na 20 0.18 0.18 0 0 0 0 0 ~I t K10 0.02 0.01 0 0 0 0 0.04 
!1l 





N. of O xygens 3 41 3 41 3 41 
.., 
41 I~ .) ~ 
~ 
~ 
Cation proportions :.., ~ 
Si 0.0033 0.0054 0 0 0 0 0 0 
:::s 
-s::i 
-Ti 0.9729 0.0588 0.9402 0.0081 0.9536 0. 1812 0.9068 0.0066 -· <:": ~ 
Al 0.0060 0.1522 0 0 0 0.1229 0 0.0079 s::i 
:::s 
C r 0.0024 0.0117 0 0.0000 0 0.0125 0 0.0086 s::i 
--FcJ• 0.0488 1.5242 0.1194 1.7521 0.0926 1.3267 0.1880 1.7402 ~ ~ 
Fch 
:.., 
0.9123 1.3262 0.9193 1.3556 0.9387 1.4408 0.8705 1.3462 c 
Mn 0.0379 0.0046 0.0211 0 0.0152 0 0.0307 0 c 
0.0061 0 0 0 0 0 0 0 
s::i Mg r-. 
t::: 
Ca 0.0011 0 0 0 0 0.0036 0.0031 0.0055 ~ 
Na 0.0089 0.0173 0 0 0 0 0 0 ~ Iv 
-· 
- K 0.0007 0 ~ 
°' 
0.0006 0 0 0 0 0 
Total 2.0003 3. 1010 2.000 1 3. 11 58 2.000 1 3.08771 2.0005 3. 1150 
Representative analyses: opaque oxides from Table 1.4, Chapter 1 
Sample HD98102D 1 !09810211 I 1098103A HD98113A 
Wt% oxides ilmenite magnetite ilmenite magnetite ilmenite magnetite ilmenite magnetite 
Si02 0 0 0 0 0 0 0 0 
Ti02 48.64 0 48.57 0.14 47.98 5.96 48.72 0.16 
Al20 3 0 0 0 0.22 0 2.77 0 0.1 0 
Cr20 3 0 0.12 0 0.13 0 0.12 0.10 0.56 
Fc20 3 7.97 68.80 8.24 68.04 8.53 55.15 2.75 68.31 
FeO 41.56 3 l.47 42.69 31.54 42.74 36.55 45.86 31.29 
MnO 2.05 0 0.46 0 0.41 0 2 0 
MgO 0 0 0.24 0 0 0 0.00 0 
c ao 0.09 0 0 0 0 0 0 0.06 
Na10 0 0 0 0 0 0 0 ~I ~ K20 0 0 0 0 0 0 0 (1:) 





N. of Oxygens 3 41 3 41 3 41 3 41 I~ ~ 
tJ ~ Cation proportions :.., ~ 
Si 0 0 0 0 0 0 0 0 ::: 
-~ 
Ti 0.9490 0 0.9483 0.0054 0.9449 0.2082 0.9431 0.0063 -· .,:; ~ 
Al 0 0 0 0.0133 0 0.1517 0 0.0060 ~ 
::s Cr 0 0.0049 0 0.0053 0 0.0044 0.0020 0.0226 ~ 
-f c3' 0.1018 1.7621 0.1032 1.7405 0.1100 1.2609 0.0533 1.7300 ~ (1) 
Fc2' :.., 0.9017 1.3495 0.9295 1.3506 0.9361 1.4583 0.9885 1.3461 0 
Mn 0.0451 0 0.0099 0 0.009 1 0 0.0381 0 
Mg 0 0 0.0091 0 0 0 0 0 
-.... Ca 0.0025 0 0 0 0 0 0.0042 0.0033 Cl:> 
Na 0 0 0 0 0 0 0 0 ~ 
-· Iv ~ - K 0 0 0 () 0 0 0 0 
-..J :.., 
Total 2.000l 3.1 1651 2.000 1 3. 11 51 1 2.000 1 3.08341 2.0292 3.1 144 
Representative analyses: opaque oxides from Table 1.4, Chapter 1 
Sa mple HD98001A 11 098001 D 
Wt% oxides ilmenite magncti1e ilmenite magnetite 
Si02 0.06 0.03 0.08 0.3 
Ti02 52.44 0.94 48.04 0.32 
Al10 .1 0.05 0.71 0 0.36 
C r20 , 0 0.09 0 0.24 
Fc20 3 0 65.09 8.06 64.7 1 
FcO 44.14 30.48 42.88 32.92 
MnO 3.26 0.08 1.25 0.04 
MgO 0.34 0.06 0 0 
Cao 0 0 0.05 0.04 
Na 20 0.15 0.16 0 0.12 
KiO 0 0 0 0.02 
Nb20~ 0 0 0 0 
Total 100.44 97.64 100.36 99.07 
N. of Oxygens 3 4 3 4 
Cation propor tions 
Si 0.0015 0.0016 0.0021 0.0160 
Ti 0.9908 0.0369 0.9469 0.0128 
Al 0.0015 0.0436 0 0.0226 
Cr 0 0.0037 0 0.0101 
Fc3• 0 1.6710 0.1019 1.6990 
Fc2' 0.9274 1.3293 0.9207 1.3344 
Mn 0.0694 0.0035 0.0272 0.0018 
Mg 0.0127 0.0047 0 0 
Ca 0 0 0.0014 0.0023 
Iv Na 0.0073 0.0162 0 0.0124 
-00 K 0 0 0 0.0014 
Nb 0 0 0 0 
Total 2.0106 3.1105 2.000 1 3.1128 
7628 3367 7628 3367 
ilmenite mtilc ilmenite 
0.15 0.18 0.09 
54.17 99.17 54.56 
0.19 0 0.03 
0.22 0.13 0.15 
42.49 0.09 0 
0 0.03 41.45 
2.22 0.04 0.16 
0 0 2.15 
0.03 0 0 
0.03 0.08 0.01 
0.08 0.31 0.05 
0 0 0 
99.58 100.03 98.65 
3 2 .... .) 
0.0037 0.0024 0.0022 
1.0072 0.9928 1.0214 
0.0055 0 0.0009 
0.0043 0.0014 0.0030 
0.8785 0.0010 0.0000 
0 0.0003 0.8629 
0.0818 0.0008 0.0034 
0 0 0.0798 
0.0014 0 0 
0.0009 0.0014 0.0005 
0.0010 0.0047 0.0016 
0 0 0 


























































Representative analyses: opaque oxides from Table 1.4, Chapter 1 
Sample PRI 05 
Wt% oxides ilmenite rutilc pscudobrookitc,, ulvospinc l_. 
Si0 2 0 0.19 0.09 0.1 
Ti02 45.22 98.68 60.57 11.92 
Al20 3 0.09 0.06 0.84 0.47 
Crz0 3 0 0.04 0.22 0 
Fc10 3 20.43 0 18.21 43.99 
FcO 19.77 0.13 10.09 30.22 
MnO 1.67 0.01 0.31 0.68 
MgO 10.70 0 6.98 5.52 
Cao 0.10 0 0 0.27 
Na20 0 0.09 0 0.07 ~ K20 0 0 0 0.08 
~ 





-N. of Oxygens 3 2 5 41 I~ 
~ ~ 
~ Cation proportions r.., (I) 
Si 0 0.0025 0.0036 0.0047 
::; 
-~ 
-Ti 0.8700 0.9951 1.8136 0.4 175 · ~ A l 0.0026 0.0009 0.0394 0.0258 ~ 
::s Cr 0 0.0004 0.0069 0 ~ ~ 
Fc3• 0.2573 0 0.3569 1.0087 
Fc2• 0.4229 0.0015 0.3360 1.1773 
Mn 0.0362 0.0001 0.01 05 0.0268 
Mg 0.408 1 0 0.4 142 0.383 1 
Ca 0.0028 0 0 0.0 135 c 
Na 0 0.0023 0 0.0063 ~ 
-· Iv ~ 
- K 0 0 0 0.0048 
'° 
..., 
Total 2.0000 l.0029 2.981 1 3.0685 
Rutile analyses from experiments described in Chapter 2 
Mix I 
Expt No. ATM -8 la AT M-80a ATM-49 AT M-50 ATM-52 AT M-63 G459 G464 G462 G457 G463 G538 
wt0/o 
Si0 2 0.2 0.71 0.23 0.25 0.09 0.05 0.09 0.16 0.27 0.22 0.16 0.45 
Ti02 94.44 95.61 92.61 90.51 88.22 83.94 98.79 97.99 96 93.58 90.43 83.13 
Z r0 2 1.3 2.82 4.8 8.61 11.69 16.69 1.04 1.96 3.31 5.42 8.13 17.23 
Total 95.94 99.14 97.64 99.37 100.00 100.68 99.92 100. l 1 99.58 99.22 98.72 100.81 
Cation proportions (based on 2 oxygens) I Si 0.0028 0.0096 0.0032 0.0034 0.0012 0.0007 0.0012 0.0021 0.0036 0.0030 0.0022 0.0063 !Ti 0.9884 0.9718 0.9644 0.9387 0.9197 0.8852 0.9920 0.9851 0.9746 0.9609 0.9428 0.8760 Zr 0.0088 0.0186 0.0324 0.0579 0.0790 0.1 141 0.0068 0.01 28 0.0218 0.0361 0.0550 0.11 77 >-: 







Expt No. G500 GSO I G502 G503 G499 G529 c;; :.., 
wt0/o (';: :::s 
Si0 2 0.17 0.13 0.24 0.4 0.35 0.38 -~ 
Ti0 2 100.38 98.8 99.15 96.24 95.09 90.24 -· ~ Zr0 2 0.75 1.27 1.99 3.98 4.98 8.86 (1) 
~ 
\:s 
Total lO l.30 100.20 101.38 100.62 100.42 99.48 I~ 
-. ~ 
Cation propor tions (based on 2 oxygens) (1) :::s 
-Si 0.0022 0.0017 0.0032 0.0054 0.0047 0.0052 ~ 
-T i 0.9930 0.9900 0.9840 0.9687 0.9626 0.9352 ~ :::s 
Zr 0.0048 0.0083 0.0128 0.0260 0.0327 0.0595 ~ 
::::: 
~ 










-Iv ~ Iv 0 '"" 
Iv 
N 
Ru tile ana lyses from experiments desc ribed in C hapter 2 
Mix 11 
Expt No. ATM-S i b ATM-80b ATM -68 ATM-69 AT.M-67 ATM-66 
wt% 
Si0 2 0.18 0.88 0.22 0.17 0.11 0.04 
Ti02 97.71 95.97 94.2 9 1.92 86.98 83.91 
Z r0 2 1.75 2.97 4.94 7.54 12.2 1 17.05 
Total 99.64 99.82 99.36 99.63 99.30 101.00 
Cation proportions (based on 2 oxygens) 
Si 0.0024 0.0118 0.0030 0.0023 0.0015 0.0006 
T i 0.986 1 0.9687 0.9642 0.9473 0.9152 0.883 1 
Zr 0.0 11 5 0.0 194 0.0328 0.0504 0.0833 0.1164 
Tota l 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
Analyses of rutile coexisti ng with Si-melt from 1500°C experi ments - Chapter 2 
Expt No. G538 G538 GS38 G507 C507 
wt0/o 
Si0 2 0.45 0.41 0.53 0.28 0.53 
T i0 1 83.13 82.87 85.78 84.51 86.44 
Zr02 17.23 16.69 13.92 14.11 12.32 
Tota l 100.81 99.97 100.23 98.9 99.29 
Cation propo r tions (based on 2 oxygens) 
Si 0.0063 0.0058 0.0074 0.0040 0.0074 
Ti 0.8760 0.8794 0.8981 0.8987 0.9086 
Zr 0.1177 0.1148 0.0945 0.0973 0.0840 
Total 1.0000 1.0000 1.0000 1.0000 1.0000 
G506 GSll G522 G473 
0.17 0.47 0.51 0.16 
98.54 97.39 95.63 93.26 
1.0 I 1.98 3.64 5.85 
99.72 99.84 99.78 99.27 
0.0023 0.0063 0.0069 0.0022 
0.99 11 0.9808 0.9692 0.9588 
0.0066 0.0 129 0.0239 0.0390 
1.0000 1.0000 1.0000 1.0000 
Si-melt from 1500°C experiments - Chapter 2 




















8.96 J I 
100.06 99.12 
0.0092 0.0088 





































Representative analyses of rutile, discussed in Chapter 2: Sample 7628 3372 (Napier Complex) 
host ruti le away 
from zircon inclusions Rutilc area scans from one grain 
Wt% oxides 
Si0 2 0.04 0.8 0.49 1.03 0.75 0.39 0 .8 0.42 
Ti02 98.53 98.3 97.72 96.66 98.15 98.82 96.25 97.99 
Al20 3 0.03 0.23 0.15 0.23 0.14 0.15 0.98 0.17 
Cr20 3 0.21 0.13 0.11 0.27 0.02 0.15 0.09 0 
FcO 0.34 0.29 0.44 0.36 0.39 0.44 0.53 0.25 
MnO 0.05 0.23 0.08 0.1 0.02 0.15 0.07 0.24 :::... v 
MgO 0 0.04 0 0.1 0 0 0.15 0 Cl:> 
Cao 0 0 0.05 0.01 0 0.02 0 .09 0.03 ::s e.. Na20 0 0 0 0 0 0 0 0 ><.. 
K20 0 0.04 0.07 0.01 0.06 0.01 0.03 0 t'11 
Zr02 0 0.22 0.38 1.35 0.31 0.16 0.29 0.38 !':-' ~ (\: 
Total 99.20 100.28 99.49 100.12 99.84 100.29 99.28 99.48 ~ 
~ ~ 
N. of Oxygens 2 2 2 2 2 2 2 2 I~ ~ 
-:::· 
Cation proportions <'5 
Si 0.0005 0.0106 0.0066 0.0137 0.0100 0.0052 0.0107 0.0056 ~ 
Ti 0.9952 0.9808 0.9847 0.9690 0.9836 0.9874 0.9694 0.9869 ...; ~ 
A l 0.0005 0.0036 0.0024 0.0036 0.0022 0.0023 0.0155 0.0027 ..:. ~ C r 0.0023 0.0014 0.0012 0.0028 0.0002 0.0016 0.0010 0 ~ ::s 
.Fe 0.0039 0.0032 0.0049 0.0040 0.0043 0.0049 0.0059 0.0028 -~ 
Mn 0.0006 0.0026 0.0009 0.00 11 0.0002 0.0017 0.0008 0.0027 -~ 
Mg 0 0.0008 0 0.0020 0 0 0.0030 0 ::s ~ 
Ca 0 0 0.0007 0.0001 0 0.0003 0.0013 0.0004 :::: 
Na 0 0 0 0 0 0 0 0 ~ :::: 
K 0 0.0007 0.0012 0.0002 0.0010 0.0002 0.0005 0 :::: :::5 
Z r 0 0.0014 0.0025 0.0088 0.0020 0.0010 0.00 19 0.0025 -.... 
s:: 




-Iv ~ Iv Iv .
Representative a nalyses: Sample 7628 3372 (Napier Complex) - Chapter 2 
matrix rutilc 
Wt% oxides 
Si02 0.17 0.16 0.1 
Ti02 98.01 97.93 98.55 
Al20 3 0.11 0.14 0.11 
Cr20 3 0.41 0.31 0.23 
FeO 0.3 0.65 0.43 
MnO 0 0 0 I~ 
MgO 0 0 0.05 ~ 
Cao 0 0 0 ::s ~ 
Na20 0 0 0.07 ~· 
K10 0 0.02 0.02 t'ti 
""' Zr02 0 0 0 
.. 
~ 
NbiOs 1.13 1.05 0.79 ~ 
Total 100.13 100.26 100.35 
N. of Oxygens 2 2 2 
Cation proportions 
Si 0.0023 0.0021 0.0013 ~ 
Ti 0.9830 0.9821 0.9921 
"-: 
-· ::s 
Al 0.0017 0.0022 0.0017 ~ ::s 
Cr 0.0043 0.0033 0.0024 -~ 
Fe 0.0033 0.0072 0.0048 
.._ 
~ 
Mn 0 0 0 ::s ~ 
Mg 0 0 0.0010 ::s 
Ca 0 0 0 
~ 
-s::: 
Na 0 0 0.0018 "-: ~ 
K 0 0.0003 0.0003 
.._ 
~ Zr 0 0 0 
-




t-..> Total 0.9947 0.9973 l.0056 ~ Iv w ...., 
Representative analyses: rulile from Pam Peninsula, New Caledonia: written communication (Carl Spandler, 2002) - Cha pter 2 
Type I eclogite (sample E704) t.:clogi te facies vein (sample 1004) 
Wt% oxides Rutilc Rutile 
Si01 0 0 0 0 0 0 
Ti01 98.3 98.54 98.63 99.45 97.8 1 97.97 
Al10 1 0 0 0 0.06 0.06 0. 1 
Cr10 1 0 0 0 0 0 0 
FeO 0.38 0.49 0.69 0.54 1.29 1.18 
MnO 0.22 O.Q7 0.08 0 0.16 0.07 1::::... 
MgO 0 0 0 0 0 0 
Cao 0.11 0 0 0.15 0 0 ~ ::s 
Na10 0 0 0 0 0 0 ~ ~· 
K10 0 0 0 0 0 0 ~ 
'" Zr01 0 0 0 0 0 0 
.. 
~ Y10 • 0.95 0.99 1.28 0 0 0 (\) 
...., 




N. of Oxygens 2 2 2 2 2 2 I~ 
-. 
-0:: (\) 
Cation proportions (\) !-: 
Si 0 0 0 0 0 0 " ~ 
T i 0.9882 0.9889 0.9855 0.9952 0.9911 0.9918 
...: . 
2i (I) 
Al 0 0 0 0.0009 0.0010 0.00 16 ::s 
-I:) 
C r 0 0 0 0 0 0 ...... I:) 
Fe 0.0042 0.0055 0.0077 0.0060 0.0145 0.0133 ::s ~ 
~In 0.0025 0.0008 0.0009 0 0.0018 0.0008 ::s ~ 
~lg 0 0 0 0 0 0 -~ 
Ca 0.0016 0 0 0.0021 0 0 ti ...... 
-Na 0 0 0 0 0 0 :;;:: 
-
-· K 0 0 0 0 0 0 ...... (\) 
Zr 0 0 0 0 0 0 ~ ::s 
~ 
v 0.0102 0.011 0.0136 0 0 0 ...... Iv Iv :.-, (\) ~ T otal 0.9965 2.9952 0.9941 1.00-'3 1.008 1.0074 :.., 
Representative analyses: Sa mple 25321 (Broken Hill); from O'Callaghan (2002) - C hapter 2 
Ru tile 
Wt% oxides 
Si01 0.03 0.25 0.07 0.16 0.53 
Ti01 99.59 99.19 100.14 100.03 99.04 
Al10 -' 0 0.01 0.11 0.07 0.12 
C r10 J 0 0 0 0 0 ~ 
FeO 0.05 0.97 0.19 0.16 0.17 
MnO 0.23 0 0.05 0 0.1 6 (1:) ::s 
MgO 0 0.05 0 0.04 0.07 ~ >< 
Cao 0.0 1 0.05 0 0.05 0.02 rr, 
'" Na10 0 0.05 0.08 0.02 0 
.. 
~ 
K20 0 0 0 0.04 0 (1:) ~ 
r,; 





-· N. of Oxygens 2 2 2 2 2 I~ 
~ ~ 
t::i 
Cation proportions ~ 
Si 0.0004 0.0033 0.0009 0.0021 0.0070 ::::· :::i (1:) 
Ti 0.9980 0.9900 0.9959 0.9951 0.9889 ::s 
-c 
Al 0 0.0002 0.001 7 0.0011 0.0019 
--c 
Cr 0 0 0 0 0 ::s ~ 
Fe 0.0006 0.0108 0.0021 0.001 8 0.0019 ::s c 
Mn 0.0026 0 0.0006 0 0.0018 -s:: 
Mg 0 0.0010 0 0.0008 0.0014 ti 
--
Ca 0.000 1 0.0007 0 0.0007 0.0003 s::: 
-
-· Na 0 0.00 13 0.002 1 0.0005 0 --(1:) 




--Iv Ii;; Iv Total 1.0016 1.0072 1.0033 1.0028 1.0031 ~ VI 
Almandine analyses from experiments described in C hapter 5 
(uncorrected - WDS) 
Ex pt No. G532 G533 G521 G518 G486 G505 G487 G5l7 G527 G530 G526 ~ 
wt% 
Si02 36.92 37.08 36. J 36.8 36.04 33.44 35.28 36.99 41.91 36.9 44 "' 
Al10~ 20.88 20.78 20.08 19 20.85 2 l.12 19.87 2 1.1 3 19.06 21.44 20. 12 ~ 
FcO 40.77 41 .36 38.85 37.86 46.68 4 1.21 45.5 I 44 40.19 39. 16 41.38 r,., ~ Zr02 0.07 0 .15 3.38 3.84 0.04 0 .04 0.08 0.1 0.69 0 .11 0.03 ~ 
Total 98.64 98.64 98.41 97.S 103.61 95.81 100.74 102.22 101.85 97.61 105.53 1a 
"' ::: 




Cation proportions ~ :::i 
Si 3.0569 3.0551 3.0 189 3.0966 2.9216 2.8925 2.9433 2 .9943 3.3 128 3.0628 3.3372 ~ 
t:l 
Al 2.0382 2.0 185 1.9797 1.8849 1.9926 2. 1537 1.9543 2 .0 165 1.7762 2.0980 1.7991 ~ Fe 2.8232 2.8500 2.7 171 2 .6644 3. 1647 2.98 11 3.1 754 2.9788 2.6569 2.7184 2.6248 
"' Zr 0.0028 0 .0060 0. 1378 0 .1 576 0.0016 0 .00 17 0.0033 0 .0039 0.0266 0.0045 0.0011 "' 
"' 




"' LA-TCPMS: ,~. :::! 





















f-..} I~ IV 
°' 
Representative analyses from samples discussed in C hapter 5 coexisting with garnet, and used for thermobaromctry 
Sample HD98113A 
Mineral biotitc hcrcynitc plagioclasc K-fcldspar magnetite ilmenite I~ 
Wt% 
Si02 34.65 0 59.91 62.60 0 0 
Ti02 4.14 0 0.08 0.2 1 0.15 48.72 
Al20 3 16.53 56.4 1 24.73 18.44 0 .16 0 
C r20 3 0 0.63 0 0 0.62 0.10 
FcO 20.52 19.14 0.16 0 68.11 2.75 ~ 
MnO 0 0.19 0 0 31.19 41.86 -. (Iii 
MgO 9. 16 2.6 0 0 0 2 ~ ~ 
CaO 0 0.07 6.1 4 0 .11 0 0.00 ~-
Na20 0 0 .69 8.4 1 0.8 1 0. 11 0 ~ K20 10.02 0 0.4 1 15.42 0 0 ~ ZnO 0 20.24 0 0 0 0 t:) 





N. of Oxygens 22 4 8 8 4 ,., .) I~ 
~ 
Cation proportions :..: ... ~ 
Si 5.3699 0 2.6807 2.9656 0 0 ": §• 
Ti 0.4821 0 0.0027 0.0076 0.0058 0 .9807 ~ 
Al 3.0202 1.9526 1.3042 1.0299 0.0097 0 ~ 
Cr 0 0.0146 0 0 0.0254 0.0021 § ~ 
fc 2.6600 0.4700 0.0061 0 1.7251 0.0362 <") 
:::i 
Mg 0 0.0047 0 0 1.3421 0.9370 .~ 
Mn 2.1150 0.1138 0 0 0 0.0397 E: 
Ca 0 0.0022 0.2941 0.0055 0 0 
~· 




K 1.98 13 0 0 .0237 0.9322 0 0 ~ 
<:;-
Zn 0 0.4389 0 0 0 0 5· 
::i ~ 
Total 15.6285 2.5972 5.0411 5.0 15 1 3. 114 1 2.000 1 I~ 
-... 
"' t:) :::: 
s 
N I~ Iv 
-.l 
Representative analyses from samples discussed in Chapter 5 coexisting with garnet, a nd used for thcrmobaromctry 
Sa mple HD98122B 
Mineral cordicritc spincl biotitc plagioclasc K-fcldspar muscovite ilmenite sillimanitc :i:.. 
Wt% .., ('> 
Si02 48.39 0 37.47 58.2 64.03 45.23 0 36. 19 :::: 
Ti02 0 0 4.06 0 0.15 0 52.62 0 ~ ..., 
Al10 3 33.66 58.26 14.66 26.43 19.02 31.76 0 63.33 t'>-i ~.f 
C r 20 3 0 1.08 0 0 0 0 0.13 0.08 ~ ~ 
FcO 7.43 35.43 12.14 0.22 0 3.95 46.68 0.26 a MnO 0 0 0 0 0 0 0.1 7 0 ~ 
MgO 8.99 3.93 15.91 0 0 2.97 0 0 ~. Cao 0.07 0.05 0.08 7.9 0.24 0 0.09 0 
.-;; 
Na20 0 0.89 0 7 1.75 0 0 0 
KiO 0 0 10.6 0.16 14.27 10.86 0 0 ~ ::: ~ 
Tota l 98.54 99.64 94.92 99.91 99.46 94.77 99.69 99.86 
N. of Oxygens 18 4 22 8 8 22 3 5 
Cation proportions 
Si 4.9492 0 5.5818 2.6058 2.9613 6.1697 0 0.9798 
T i 0 0 0.4549 0 0.0052 0 1.001 2 0 
Al 4.0587 1.9525 2.5746 1.3951 1.0370 5.1075 0 2.02 13 
Cr 0 0.0243 0 0 0 0 0.0026 0.0017 
Fe 0.6355 0.8423 1.5125 0.0082 0 0.4506 0.9877 0.0059 ~ ~ 
Mg 0 0 0 0 0 0 0.0036 0 (') c 
Mn 1.3703 0.1665 3.5322 0 0 0.6038 0 0 ['> ::. 
Ca 0.0077 0.0015 0.0128 0.3790 0.0119 0 0.0024 0 ~ 
Na 0 0.0491 0 0.6077 0.1569 0 0 0 :s· 
' K 0 0 2.0146 0.0091 0.842() 1.8899 0 0 ::s ~· 
ti 








Iv ~ Iv 00 
Representative analyses from samples discussed in C hapter 5 coexisting with ga rnet, and used for thermobarometry 
Sample HD98126 I .10981028 
Mineral biotite magnetite orthopyroxene osumilite cordieritc K-fcldspar plagioclase spinet ilmenite magnetite l:i. 
Wt% 
<'$ 
Si02 36.06 0.19 46.02 60.68 49.53 63.99 62.6 0 0 0 ~ ~ 
Ti02 4.84 0. 19 0.17 0.07 0 0 0 0 45.2 0. 17 ~· 
Al20 3 14.75 0. 18 9.63 23.3 34.22 21.51 23 .62 58.56 0 0. 13 "" ~
C r20 3 0.09 0.09 0 0 0 0 0 0.17 0 0.21 ::::;, 
"" fc20 .l 0 67.7 1 0 0 0 0 0 0 14.32 68.39 ~
,,; 
FeO 23.24 30.43 26.19 3.86 5.25 0 0.23 34.07 39.02 31.15 :,, <1> 
MnO 0 0 0.39 0 0 0 0 0. 14 1.36 0 ~ 
MgO 7.9 0.05 17.96 7.05 10.42 0 0 7.71 0 0 ~· 
"" Cao 0 0.03 0 0.06 0 2.66 4.58 0 0.11 O.l t) 
Na20 0.23 0.1 0 0 0 7.74 9.25 0 0 0 ::i 
K20 9.6 0.08 0 4.51 0 3.59 0. 12 0 0.04 0 ~ ~ 
Total 96.71 99.05 100.36 99.53 99.42 99.49 100.4 100.65 100.04 100. 15 I? 
"" 
:,, 
N. of Oxygens 22 4.00 6 30 18 8 8 4 3 4 I~ 
<1> 
Cation proportions :.. ~ 
Si 5.5420 0.0099 1.7440 10.1503 4.9670 2.8653 2.7651 0 0 0 ~. ::: 
Ti 0.5594 0.0074 0.0048 0.0088 0 0 0 0 0.9068 0.0066 <;; :::s 
Al 2.6725 0.0 111 0.4302 4.5949 4.0457 1.1355 1.2300 1.9196 0 0.0079 :;, 
Cr 0.0 109 0.0037 0 0 0 0 0.0037 0 0.0086 
t) 
0 ~ FcJ• 0 1.7375 0 0 0 0 0 0 0.1880 1.7402 n :;::. 
Fe' · 2.987 1 1.3262 0.8301 0.5400 0.4403 0 0.0085 0.7923 0.8705 1.3462 "" :..
,.... 
Mg 0 0 0.0125 0 0 0 0 0.0033 0.0307 0 ~ 
Mn 1.8095 0.0039 1.0144 1.7575 1.5573 0 0 0.3195 0 0 
~ · 
Ca 0 0.0017 0 0.0108 0 0.1276 0.2168 0 0.0031 0.0055 ~ ~· 
Na 0.0685 0.0101 0 0 0 0.6720 0.7922 0 0 0 ::) ;;;-
K 1.8823 0.0053 0 0.9625 0 0.2051 0.0068 0 0 0 ~· 
:::s g 
Total 15.5323 3.1169 4.0360 18.0247 11.0102 5.0055 5.0J 94 3.0383 2.0005 3. 1150 ,~ ::) 
-.. 
"' t) g 
N 1ff ('-.} 
\0 
Representative analyses from samples discussed in Chapter 5 coexisting with garnet, and used for thcrmobarometry 
Sample HD9810211 




'"" Si02 46.65 61.06 64.1 6 64.7 0 0 0 ::s ~ 
Ti02 0.08 0 0 0.11 0 0.14 48.44 ~· 
"1 Al20 3 9.29 23.36 23 .85 20.1 1 58.59 0.22 0 w 
Cr203 0 0 0 0 0.l 0.13 0 ~ 
Fe20 3 0 0 0 0 0 69.04 10.97 ~ c;; 
FcO 25.85 3.61 3.6 0 34.85 3 l.54 4 1.76 "' 
"' MnO 0.49 0 0 0 0 0 0.31 ::s g. 
MgO 18.09 7.04 7.42 0 7.65 0 0.78 ~ 
Cao 0 0.11 0 1.12 0 0 0.08 c 
Na20 0 0.3 0.33 4.92 0 0 0 ~ KiO 0 4.47 0 9.52 0 0 0 c 
Total 100.45 99.95 99.36 100.48 101.19 101.06 102.35 
~ g-,,, 
'"" "' 
N. of Oxygens 6 30 18 8 4 4 3 I~ 
"" Cation proportions >< .., ~ Si 1.7621 I 0.1653 6.2465 2.9215 0 0 0 ~· T i 0.0023 0 0 0.0037 0 0.0054 0.9309 ::s 
Al 0.4137 4.5848 2.7375 1.0705 1.9150 0.0133 0 <;; 
Cr 0 0 0 0 0.0022 0.0053 0 c ::s ~ FcJ• 0 0 0 0 0 1.7405 0.1381 
"' c Fcl• 0.8166 0.5026 0.2931 0 0.8081 1.3506 0.8925 ~ 
Mg 0.0157 0 0 0 0 0 0.0067 ~· ~· 
Mn l.0184 1.7467 l .0766 0 0.3161 0 0.0297 
Ca 0 0.0196 0 0.0542 0 0 0.0022 ::! ::;· 
'"" Na 0 0.0968 0.0623 0.4308 0 0 0 ;.:; :;;-
K 0 0.9494 0 0.5484 0 0 0 s· 
::s g 
Total 4.0288 18.0654 10.4159 5.029 1 3.0414 3.llS l 2.0001 I::: c:) 
...... 
,,, 
c 
Iv 
w 
:: 
::J 
I~ 
0 
